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ABSTRACT 

Glauconite was first named in 1828, but in spite of repeated studies and numerous 
analyses its exact manner of formation and composition have remained in doubt. 
Chemical analyses obtained from magnetically and mic roscopic ally purified samples, 
from widely separated localities, show that the composition of glauconite can be ex- 
pressed by a definite formula which in its simplest form may be written as follows: 
K MgFe,Sis0.3-3H,0. The principal variables in its composition are Fe,O; and Al,Q,. 
rhe ferric iron content varies from 16 to 30 per cent, and the alumina from ro per cent 
down to less than 2 per cent. Glauconite is optically negative and biaxial with a small 
optic angle. Both the indices of refraction and the birefringence vary with the ferric 
iron content. Modern glauconite is essentially the same as the glauconite of the older 
rock formations both optically and chemically. 

The X-ray patterns of the samples of glauconite studied show that glauconite is a 
definite mineral, and not a mixture of various substances. 


INTRODUCTION 
Glauconite has been known as an important constituent of the 
sedimentary formations since the early part of the nineteenth cen- 


t Since this study of glauconite was presented as a thesis to the faculty of the Uni- 
versity of Wisconsin, in May, 1926, there has been published a paper by Clarence S. 
Ross, “The Optical Properties and Chemical Composition of Glauconite,”’ Proceedings 
of the United States National Museum, Vol. LXIX, No. 2628, Art. 2, pp. 1-15. 

The optical properties of glauconite as determined by the writer agree fairly well 
with the optical properties as determined by Dr. Ross, but the formula for glauconite 
proposed by the writer differs from the formula proposed by Dr. Ross. The formula for 
glauconite given in this paper is based on new analyses of microscopically purified 
samples, whereas Dr. Ross has drawn his conclusions regarding the chemical composi- 


tion of glauconite largely from old analyses. 
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tury. In 1823 Alexander von Humboldt' mentioned the occurrence 
of the green earthy mineral in sandstones and limestones at different 
geological horizons in Europe. In 1828 Keferstein,? alluding to its 
color, named it “glaukonit,’’ which is derived from a Greek word 
meaning “‘greenish-blue.”’ It is known to occur in all of the rock sys- 
tems from the Cambrian to the present, and is in process of forma- 
tion at the present time around all of the continents. 

In spite of repeated studies and numerous analyses its exact 
composition has remained in doubt. Since 1841 over seventy-five 
analyses of glauconite have been made, but they show so much vari- 
ation that one is at a loss to know which of the analyses, if any, ac- 
tually represent the composition of glauconite. It is generally con- 
ceded that it is difficult to get pure material for analysis, and the 
question arises, Is the variability of the analyses due to the impurity 
of the material analyzed, or is glauconite itself decidedly variable? 

The purposes of the present study are: first, to determine 
whether glauconite is a definite mineral, a mixture, or an isomor- 
phous series similar to the chlorites; second, to determine the optical 
properties of glauconite and the relation between its optical proper- 


ties and its chemical composition. 
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PREVIOUS STUDIES 


Glauconite is a common and widely distributed mineral, but its 
manner of occurrence and its physical characteristics are such that 


Geognostischer Versuch (1823), p. 292. 


2 Deutschland, geogn 1. dargestellt (5. Heft), III (1828), 570. 
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repeated studies have failed to show definitely its chemical compo- 
sition and its optical properties. 

Ehrenberg’ seems to have been the first to study glauconite ex- 
tensively. In 1855 he published the results of his greensand studies 
in many parts of the world, and reached the conclusion that glau- 
conite grains are the casts of Foraminifera shells, although most of 
the grains did not show any direct evidence of this organic origin. 
His conclusion applied to the glauconite of the older geological for- 
mations as well as to the more recent. 

In 1856 Bailey? announced that glauconite is now in process of 
formation in the shells of small organisms in many parts of the sea 
floors. 

In 1886 Gumbel,’ in a paper on the nature and origin of glau- 
conite, summarized the work previously done and made some con- 
tributions of his own. He studied, particularly, the material col- 
lected by the German ship “Gazelle.’’ He concluded that modern 
glauconite, as well as that in the older rock formations, is weakly 
double refracting, and not amorphous as was thought by Ehrenberg. 
Gumbel‘ observed what seemed to be glauconite in the process of 
formation from very fine material that filled many Globigerina and 
other shells. He admitted the existence of glauconite in the form of 
shell casts, but he also believed that much of the granular glauconite 
had been formed entirely independently of shells. He advanced the 
theory that the rounded or globular forms are due to gas bubbles 
formed in muds high in decomposing organic matter, and that the 
gas bubbles formed around clay particles which served as nuclei in 
the formation of glauconite pellets. The paper contains a list of 
twenty-seven old analyses of glauconite, and a new analysis made by 
Gumbel, on carefully selected glauconite grains from material col- 
lected by the German ship ‘‘Gazelle” at Agulhas bank at a depth of 
214 meters. 

t Abhandl. d. k. Akad. d. Wissenschaften zu Berlin (1855), pp. 85-176. 


2 J. W. Bailey, “On the Origin of Greensand and Its Formation in the Oceans of 


the Present Epoch,” Amer. Jour. Sci., LX XII (1856), 280-84; Proc. Boston Soc. Nat. 
Hist., Vol. V (1856) 

$C. W. Gumbel, “Uber die Natur und Bildungweise des Glaukonits,” Sifzber. 
Akad. Wissensch. (Miinchen, 1886), pp. 417-48. 
4Ibid., pp. 433-34- 
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In 1896 Gumbel' made another important contribution in his 
paper on the green earths of Monte Baldo. The paper gives a new 
detailed analysis made by A. Schwager on carefully prepared glau- 
conite from Mte. Brione (Lake Garda) and compares its composition 


with the composition of other green earth minerals. 

The report on deep-sea deposits by Murray and Renard? added 
much to our knowledge of the occurrence and distribution of glau- 
conite on our present ocean floors. From their studies they concluded 
that all glauconite has been formed from very fine mud which has 
been washed into Globigerina shells, and there, aided by the decom- 
posing organic matter, changed over to glauconite. 

A. Lacroix’ was the first to publish observations on the optical 
properties of glauconite. He described it as biaxial negative with an 
optic angle (2) of 30°-40° and with the acute bisectrix nearly per- 
pendicular to an easy cleavage which he thought was parallel to the 
base (oor). In some instances the optic angle was much smaller and 
the mineral appeared nearly uniaxial. Lacroix did not measure the 
indices of refraction, and he stated that it was difficult to determine 
accurately the birefringence, but gave 0.020 as the approximate 
value. 

In 1896 Glinka‘ published his paper on the origin, chemical 
composition, and weathering of glauconite. He studied material 
from a number of localities in Russia, and concentrated samples for 
chemical analysis by using Thoulet’s solution. The marked varia- 
bility in composition shown in his ten samples indicates that he must 
have had rather poor success in purifying the material for analysis. 
He believes that glauconite and celadonite are one and the same 
mineral, and that glauconite as celadonite is a decomposition product 
of such minerals as augite and hornblende. Glinka does not believe 
that the glauconite found in shell chambers was formed there, but 

'“Uber die Griinerde vom Monte Baldo,” Siizber. Akad. Wissensch., XXVI 
Miinchen, 1896), 545-604. 

Report of the Voyage of H. M. S. Challenger, 1873-1876. Deep Sea Deposits (1891), 
pp. 37°-9I. 

i Minéralo de la France, I (1893-95), 406 

‘K. Glinka, “Der Glaukonit, seine Entstehung, Chemischer Bestand und Ver- 


witterung,” Publication de l'Institut agronomique de Novo Alexandria Russie (1896). Ab- 


stract in Zt. Kryst., XXX 


15990), 300. 
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that it was glauconite before it was mechanically washed into the 
shells. 

Lucien Cayeux has studied glauconite in detail, and his contribu- 
tions are among the most important we have on the subject. In the 
ten pages devoted to glauconite in his Introduction a I’ Etude Pétro- 
graphique des Roches Sédimentaires (1916), he discussed its chemical 
composition and optical properties, structure, relation to other min- 
erals, relation to organisms, alteration and distribution in sedimen- 
tary formations. 

In 1906 Collet and Lee published their important paper, “Re- 
cherches sur la Glauconie,’’' and in 1908 Collet? published his little 
manual, Les Dépéts Marins, which contains a more comprehensive 
discussion of glauconite than is found in any other publication. Collet 
recognizes three types of glauconite: glauconite casts, glauconite in 
grains, and pigmentary glauconite. He believes that the second and 
third types have been derived from the first. According to Collet, 
glauconite forms in three stages. The first stage is represented by 
gray aluminum silicate casts, and the second stage by the formation 
of brown pellets by ferric iron replacing aluminum. In the third 
stage, the potassium and probably the water of constitution are 
added. 

Collet believes that modern glauconite differs both optically and 
chemically from the glauconite of the older rocks. He thinks that the 
cleavable, pleochroic glauconite described by Cayeux is found only 
in the older rocks and results from metamorphism.’ He also believes 
that the older glauconite is higher in ferrous iron than the glauconite 
that is found on our present ocean bottoms.* 

N. H. and A. N. Winchell’s text, Elements of Optical Mineralogy, 
published in 1909, describes glauconite as optically biaxial negative 
with the acute bisectrix nearly normal to oor cleavage. The optic 
angle is sometimes nearly o° but usually larger. ““2E = 30°, N =1.61, 
Ng—Np=o0.020, about. In thin section greenish, sometimes pleo- 

tL. W. Collet and G. W. Lee, “Recherches sur la Glauconie,” Proc. Roy. Soc. 
Edinburgh, XXVI 8-78. 

LL. W. Collet, Les Dépéts Marins (Paris, 1908), pp. 132 
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chroic, green to pale yellow, with maximum absorption when the 
cleavage laminae are parallel with the lower nicol.”’ 

E. S. Larsen, in the United States Geological Survey Bulletin 679 
(p. 256), gives the following optical properties for glauconite: “Bi- 
axial negative a=1.610, B=1.628, y=1.628, 2V =20°. Pleochroic: 
X =straw yellow, Y and Z clear green with a bluish tint.” 

The foregoing optical properties include the indices of refraction; 
otherwise they are essentially the same as those given by Lacroix," 
Collet? and Cayeux.’ Two attempts have been made to produce 
glauconite synthetically. Calderon and Chaves‘ were the first to try 
to form artificial glauconite. According to Collet,’ they failed be- 
cause they based their efforts on an analysis of glauconite by Pisani 
in which the iron had all been determined as ferrous. Caspari® pro- 
duced a compound that in some respects resembles glauconite but is 
amorphous, and Caspari admits that it does not throw much light on 
the glauconite problem. 

_larke’ states that glauconite, when pure, probably has the com- 
position represented by the formula Fe’’’KSi,O¢.aq, in which some 
iron is replaced by aluminum, and other bases partly replace K. In 
IQIO Caspari® made two analyses of glauconite and gave as its for- 
mula KFeSi,0..H,0, in which MgO and FeO have been combined in 
KO, and AL,O, combined with Fe,O,. It will be noted that the for- 
mula proposed by Caspari is essentially the same as that proposed by 
Clarke. In 1922 Hallimond obtained one new chemical analysis of 
glauconite, and used the new analysis in connection with a number 

* A. Lacroix, op. cil., I (1893-95), 407. 


Op. « il., pp. 130-37. 


}Lucien Cayeux, “Introduction a l’Etude Pétrographique des Roches Sédimen- 


taires,”” Mém. Carte Geol. France (Paris, 1916), p. 245. 

‘+S. Calderon and F. Chaves, “Contributions al Estudio de la Glauconite,”’ 
Anales de la»Sociedad espatiola de Historia Natural 2 serie (Madrid, 1894), tome III 
(XXIII). 


Op. cil., p. 174. 

®W. A. Caspari, “Contributions to the Chemistry of Submarine Glauconite,” 
Proc. Roy. Soc. Edinburgh, XXX (1910), 364-73. 

7 U.S. Geol. Survey Bull. 770 (1924), p. 521, and U.S. Geol. Survey Mon., XLIII 
(1903), 243. 
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of older analyses to derive a formula. Hallimond’s formula is R,O.4- 
(R,0;,RO).10SiO,.nH,O; it was obtained by combining the alkalies 
as R,O, ferric iron and alumina as R,O,, and ferrous iron and mag- 
nesia as RO. The formula 4SiO,. (Fe, Al) ,O;. (Fe, Mg, K,, Na,Ca) 
O.2H,.0 is given in a review of several articles on glauconite by 
Niggli.' 

G. R. Mansfield, in the United States Geological Survey Bulletin 
727, published in 1922, shows that the glauconite of the greensands 
of New Jersey can be used as a source of potash, and that the green- 
sands can be used directly as a fertilizer. The Bulletin also contains 
two new analyses of glauconite and a short discussion on its origin 
and distribution. 

PRESENT STUDY 

Since the early part of the nineteenth century glauconite has 
been studied repeatedly both as to its physical properties and as to 
its chemical composition. However, largely because of its crypto- 
crystalline nature, and the extreme difficulty of getting pure mate- 
rial for chemical analyses, its exact composition and properties 
have remained in doubt. 

Ln order to determine its composition more accurately, and to 
study its optical properties in relation to its chemical composition, 
specimens for study were obtained from six localities. The glauco- 
nite content of these rock specimens was estimated as varying from 
5 to 15 per cent. In order to get pure glauconite for chemical analy- 
ses it had to be separated from the associated rock materials. The 
rock specimens were crushed and the glauconite concentrated with 
a powerful electromagnet. The concentrates were hand picked with a 
needle under a binocular microscope and tested for purity with a 
petrographic microscope. In this way pure samples of glauconite 
were built up for chemical analyses. Parts of the purified samples 
were retained for optical study, and other parts were sent to Dr. 
Thomas B. Brighton for chemical analysis. The results of the analy- 
ses are given in Table I. 

* P. Niggli and K. Faesy, a review of a number of articles on glauconite, Z/. Kryst., 
LVII (1922-23), 436. 
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DISCUSSION OF ANALYSES 


sample No. 4 contains glauconite and another mineral. 


amount of the same mineral that is present, in quantity, 


ses in Table I, made of material from widely separated regions and 






















Examination of the analyses shows that No. 4 is decidedly differ- 
ent from the others. The petrographic microscope revealed a greater 
number of grains that appeared to be isotropic between crossed 
nicols; otherwise No. 4 seemed to be essentially the same as the 
other samples. But the X-ray photograph shows definitely that 


TABLE I 
N R 
SiO ! { 19 33 49 47 
Al,O, ( 7 13.57 10 9.9 
Fe,O0 I 11 18 21.90 
FeO I 9 3 I.5 
MgO 1 3 3.7 
Ca0d 4 1 I 2 ».6 9.8 
Na,O I I I 1.4 
KO ( ( 5 5.3 
P,O.* 
terpreted as H,O | 8 7 
4 ).' 19.4 
No. 4, P »t sepa 
} en i unaly ‘ 
AL 
N H M ( VW | n, N.J 
N \ tor rom tl ranconia formation (Cambrian) near Norwalk, 
Wi 
No \ ( Y il tone, | 
No. 4. A gray marl from the Basal midway formation (Eocene) about 10 miles 
é New Br ls, Te 
Ne \ nac lomite from the base of the Trempealeau (Upper Cam 
lyr rt \ . \“\ 
No \ | il lect rom the Pleistocene, west ¢ san 
Py re ( ] 
t 


The rela- 


tively high CaO content of sample No. 3 is probably due to a small 


in No. 4. 


In sample No. 6 some of the ferrous iron appears to have been oxi- 
dized to ferric iron. Many of the pellets in No. 6 when examined 
with the microscope show pin points of limonite and limonite stain. 


Aside from the irregularities just mentioned, the suite of analy- 
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horizons, shows a remarkable uniformity. This indicates that the 
composition of glauconite may be expressed by a definite formula 
which is different from any previously proposed. CaO is almost cer- 
tainly an impurity in glauconite; therefore it is not used in working 
ut a formula. Inasmuch as No. 4 contains another mineral in as- 
sociation with glauconite, it, too, is eliminated from the discussion 
for the present, but will be considered later. 
Because there are no definite methods followed in determining 
water, it has been considered best to treat water independently as a 
unit rather than deal with it in the atomic state along with the other 


rABLE II 


MOLECULAR RATIOS OBTAINED FROM THE ANALYSES 
GIVEN IN TABLE I 


NUMBER 

6 
SiO, 878 Ro 820 Sor 793 
ALO, 88 104 100 098 
FeO, 121 5 101 112 137 
FeO 43 $3 243 021 
MgO ) 9 100 87 092 
Na,O } } O19 023 023 
KO 4 6 054 050 
HO j1 j 450 422 


atoms. The fact that water in glauconite is admitted to be probably 
not “constitutional,’’ but additional to the main molecule, makes 
this separate treatment certainly permissible. A study of glauconite 
analyses indicates that Al,O, may replace Fe,0,, MgO replace FeO, 
and Na,O replace K,O; therefore in Table III aluminum has been 
combined with ferric iron, magnesium with ferrous iron, and sodium 
with potassium 

An inspection of Table III will show that the atomic ratios for 
the whole suite of analyses can be expressed by the whole numbers in 
the last column of the table. These numbers give us a ratio for a 
formula that is different from any previously proposed. The new 
formula derived is (K,Na) (Fe, Mg) (Fe, Al), Sig0,g-3H,O. To check 
this formula against the analyses, the method suggested by Schaller’ 


*W. T. Schaller, “The Calculation of a Mineral Formula,” U.S. Geol. Survey 


Bull. 610 (1916), p. 1 
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is used. Table IV shows the discrepancies for all of the analyses that 
were used in deriving the formula. 

An examination of Table IV shows that the discrepancies be- 
tween the proposed formula for glauconite and the analyses used in 
its derivation are relatively slight. The glauconite samples used in 
obtaining the analyses have a geographic range from California to 


TABLE III* 


Atomic Ratios 














NUMBER SIMPLE 
_ - iesinnimeneni aiid WHOLE- 
| | | NUMBER 
1 | | 5 6 RaTIo 
7 ——$_|____ — 
Si | 818 808 820 . 821 -793 6 
(Fe, Al 422 426 410 424 470 3 
(Fe, Mg 135 135 143 130 .113 I 
K, Na 162 176 170 154 .158 I 
O 480 | 2 478 | 2.486 2.484 2.479 18 
H.O 416 405 266 450 422 3 
*The atomic ratios in Table III were obtained from the molecular ratios in Table II by multiplying 
the molecular ratios by the number of times the atoms occur in the molecules. The atomic ratio for oxygen 
was obtained by adding the numbers derived for oxygen from the molecular ratios of the oxides 
rABLE IV* 
NUMBER 
—-- ese TT — 
1 | 3 | 5 6 
ngs 
hs) | 0.97 | 0.90 | 0.99 0.97 0.95 
Fe, Al 1.00 1.01 0.98 1.00 I.12 
Fe, Mg 0.96 0.97 1.02 0.93 0. 81 
(K, Na 1.08 | 1.25 1.21 1.08 I.12 
0 0.908 0.08 | 0.98 0.958 1.00 
H,O 0.900 0.96 0.34 1.07 [.O1 
* The variation from unity represents the discrepancies between the analyses and the proposed 
composition formula for glauconite 


England, and a stratigraphic range from the Cambrian to the Pleis- 
tocene. In view of their wide geographic and stratigraphic distribu- 
tion, the samples are considered to be fairly representative of the 
composition of glauconite in general, and to substantiate the formula 
proposed. 
[THE COMPOSITION OF GLAUCONITE AS EXPRESSED BY 
OTHER RELATIVELY RECENT ANALYSES 

In order to check more completely the new formula proposed for 

glauconite, the analyses given in Table V were selected for study. 
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The analyses of glauconite given in Table V were selected for 
comparison with the analyses given in Table I because they are, up 


TABLE V 








NUMBER 
| 
| 11 | 12 13 14 15 
a —— Se Se 
° : _ 
S10, 49.07 49. 23 | so. 58 49.47 48.12 
ALO, 9.290 | 7.11 6.72 5-59 9.60 
Fe,0, 19.35 20.59 | 19.50 19.40 19.10 
FeO 1.25 3.00 2.90 3.30 3.47 
MgO 4.03 | 3-44 | 4.10 3.96 2. 36 
CaO 1.95 } Trace | 0. 34 0.06 o. 76 
Na,O 3.00 O.1I 0.04 0°. 16 0. 22 
K,0 3.68 | 8.51 | 8. 26 8.04 7.08 
P,O 27 1.06 — , 
HO i 7.88 | 6.71 7. | 8.54 | 10.06 
on 5 on ae a 
Total 100. 66 99.06 100.53 | 99.80 | 100. 77 


No. rr. Anal., A. Johnson, “Aus den Kupsten und im Untergrunde der Kurischen 
Nehrung,” Schriften der phys.-ikonom. Ges. Kénigsberg, I (1908), 51; Zt. Kryst., L 
(1912), 90. 

No. 12. From Big Goose Canyon, 15 miles southwest of Sheridan, Bighorn Moun- 
tains, Wyo. Analysis by George Steiger, U.S. Geol. Survey Bull. 419 (1910), p. 296. 

No. 13. Sewell, N.J., Hornerstown Marl (Cretaceous), glauconite grains separated 
magnetically from the residues of washed greensands (U.S. Geol. Survey Bull. 727 [1922], 
p. 125). 

No. 14. Elmwood Road, N.J., Hornerstown Marl, glauconite grains separated 
magnetically from the residues of washed greensand (ibid.). 

No. 
by washing and screening. Analysis by E. G. Radley, given by A. F. Hallimond, 
Mineralogical Magazine, XIX (1922), 30. 


5. Glauconite from greensand 1} miles SE. of Lewes, Sussex, Eng., purified 


TABLE VI 


RaATIos DERIVED FROM THE ANALYSES GIVEN IN TABLE V 








NUMBER SIMPLE 

—_ _ am ultimele WHOLE- 

| NUMBER 

II 12 | 13 | 14 | 15 Ratio 

—— sao ‘See eae eae ew 

eer | 827 820 843 .824 802 6 
(Fe, Al) 428 398 . 376 354 . 426 3 
(Fe, Mg) .117 128 143 .145 . 107 I 
(K, Na).. .174 . 182 .176 174 .156 I 
_ 2. 500 2.450 2.451 2.411 2.425 15 
BiGbcstcstcch sa 372 431 -474 -555 3 








to the present, the most recent available analyses, and because they 
were made on carefully selected material. 
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COMPOSITION 


RECENT GLAUCONITE 


OF 






It has been repeatedly stated that the glauconite that is found on 


the present ocean bottoms differs in its composition from the glau- 


conite of the older rocks; therefore it is desirable to compare the com- 


position of recent glauconite with the glauconite that was formed 


rABLE VIl* 
NUMBER 
I I I I 
Si o& >. 98 0 05 0.93 
Fe, Al I 5 >. 5O 99 
Fe, Mg » Re ‘ Ss I ) >. 74 
K, Na I ; 1.21 I 1.09 
oO . 8 05 .9 0.04 
HO SO » ¢ I I 5 
I r ty ‘ ! e V and 
rABLE VIII 
ANALY RECENT GLAUCONITI 
NUMBER 
19 
wO } ) 17.4 19.1 51 5 
ALO 4 I ; Q 7 I 
Fe,O 0 8 3 5.95 18.83 
FeO ) .. a SO 75 
MgO , 41 3.10 4.54 
LaU 
Na,O I Ss 
KO , : . - » | - 
HO 5 y ) 7.3 7 
Total S4 ) ) I 
No Glau ite e marine sand at Agulhasbank, Gumbel 
‘ ; rw pi ( , ! de mile de r VW i en- 
No “The purest glauconite ever found.” Collected in 1873 by 
the U.S. SS. “Tuscarora” at Lat. 38°22’ N., Long. 123°24’ W. (Collet 


and Lee, P? Roy. S Ed nburgh, XXVI [1906], 235). 


off Panama, Lat. 6°s3° N., Long. 81 a2’ W. (W.A. Caspari, i 
No. 19. Glauconite from Agulhasbank at a depth of 





Glauconite from the Pacific Ocean at a depth of 556 fathoms 


bid., XXX 


| 110 fathoms, 
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during past geologic time. The best available analyses of modern 
glauconite are given for purposes of comparison in Table VIII. 
The “Challenger” analyses by Murray and Renard’ were omitted 
from Table VIII because a description of the material analyzed 
clearly shows that it was decidedly impure. The four analyses given 


TABLE IX 


Aromic Ratios DERIVED FROM THE ANALYSES GIVEN 
IN TABLE VIII 


NUMBER 

















SIMPLE 
nn | WHOLE-NUMBER 
RaTIO 
I I 15 19 
—|—_—— ot —— ae 
| 751 791 S19 552 6 
Fe, Al 416 416 | 462 384 3 
Fe, Mg 067 103 090 152 | I 
K, Na 204 166 | 150 166 I 
O 355 20 2 | >. 490 | 2.515 15 
H,O S12 388 306 .420 3 
| 
TABLE X* 
NUMBER 
| 7 

16 | 17 | 18 19 

Si | 0.02 0.900 | 1.02 0.95 

(Fe, Al 96 | 1.03 1.12 0.89 

~ | - — | = 

Fe, Mg 2. 47 0.77 0. 67 1.04 

K, Na 1.45 1.24 1.12 r.2s 

0) : 0.902 0.900 1.03 0.97 

H,O 1.22 ©.97 0.98 | 0.95 
variation from unity represents the discrepancies between the analyses given 


Phe 
in Table VIII and the proposed formula for glauconite. 


are the only other available analyses of recent glauconite. Number 
16 was analyzed in 1886 and the analysis is probably faulty. Number 
17 represents glauconite which was relatively pure originally and 
was further purified electromagnetically. Numbers 18 and 1g repre- 
sent glauconite derived from glauconite sand by first treating it with 
dilute HCI to dissolve any existing calcite. The residue of quartz and 
glauconite was then digested with HCl and caustic soda, and the 
glauconite brought into a colloidal suspension. The colloidal suspen- 
sion, when made slightly acid, was at once coagulated and formed a 


Op. cil. 
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flocculant precipitate of glauconite which was washed, dried at 110°, 
powdered, and then analyzed. 

Table X shows that analyses Nos. 17, 18, and 19 agree fairly well 
with the proposed glauconite formula. The principal discrepancy is 
in the magnesia and ferrous iron of No. 18. This discrepancy may be 
due to the oxidation of the ferrous iron in connection with the pre- 
liminary chemical treatment of the sample. Aside from the discrep- 
ancy of the ferrous iron in No. 18, Nos. 18 and 19 are not unlike 
many analyses of older glauconite. Number 17 appears to represent 
the ferric iron end of the glauconite series. 

The suggestion of Collet,’ Cayeux,’? and Mansfield’ that modern 
glauconite differs in composition from the glauconite of the older sedi- 
mentary rocks is based on a comparison of faulty analyses. 

SUMMARY 

The composition and variability of glauconite are more accurate- 
ly expressed by the formula (K, Na) (Fe, Mg) (Fe, Al),SicO,s- 3H,O 
than by the formula KFe’’Si,Os+aq. proposed by Clarke,’ and 
accepted with a slight modification by Caspari,’ or by the formula 
R,04(R,0,;, RO)-10SiO,-nH,O recently proposed by Hallimond.® 
Nor does the formula’ 4S8i0O,(Fe, Al),O, + (Fe, Mg, K., Na,, 
Ca)O-2H,0 express the composition of glauconite. The variability 
indicated by the formula (K, Na)(Fe, Mg)(Fe, Al),SiceO,s- 3H.O is in 
harmony with either the atom for atom replacement theory or 
valence control theory of isomorphism. The greatest variation is 
in the ferric iron and alumina content; Al,O, may be present in 
amounts up to ro per cent, it is commonly present in excess of 
7 per cent, and rarely is it almost entirely replaced by FeO. 
Soda is usually present in amounts less than 2 per cent, rarely, as 

t Op. cit., p. 167. 

2 Op. cit., pp. 242-44. 

3G. R. Mansfield, “Physical and Chemical Character of New Jersey Greensand,” 
Econ. Geol., XV (1920), 565. 

‘F. W. Clarke, U.S. Geol. Survey Mon., XLIII (1903), 245. 

Op. cit., p. 367. 

6A. F. Hallimond, “On the Constitution of Glauconite,” Mineral. Mag., XIX 
sept., 1922), 333- 


7P. Niggli and K. Faesy, /oc. cit. 
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in the case of Table V, No. 11, is it nearly equal to the potash. 
The sum of MgO and FeO is commonly near 6 per cent with the 
iron and the magnesium about equal. Lime, when present, is prob- 
ably an impurity. The glauconite that is found on the bottoms 
of the present oceans is essentially the same as the glauconite that 
was formed during past geologic time. 

OPTICAL PROPERTIES 

Representative material from each sample analyzed was carefully 
studied with the petrographic microscope to determine, if possible, 
the relation between the chemical composition of glauconite and its 
optical properties. An optical study of glauconite is difficult because 
it is mostly microcrystalline, and individual crystal anhedra large 
enough to be studied are decidedly rare. Optical properties cannot 
be determined from crystal aggregates. By persistent and repeated 
searching individual fragments were found in each of the samples 
studied, and the indices of refraction, the optic sign, approximate op- 
tic angle, and pleochroism were determined. 

A tremendous amount of searching and researching was required 
to find individual crystal fragments from which interference figures 
could be obtained. However, each of the six samples yielded several 
fragments that gave sufficiently good interference figures to deter- 
mine definitely the optic sign and the approximate optic angle. In 
all cases the optic angle was estimated as less than 15°, and in some 
cases it appeared to be near o°. The optic sign in all cases was nega- 
tive. No amount of searching and manipulation yielded an interfer- 
ence figure sufficiently well centered and sufficiently clear to permit 
the actual measurement of the optic angle. All of the individual crys- 
tal fragments that gave interference figures were pleochroic; X = pale 
yellowish-green, Y and Z = grass-green. 

Most of the individual crystal fragments were positively elongat- 
ed, parallel to relatively straight edges that were approximately at 
right angles to Y. In all cases extinction appeared to be parallel to 
the edges. The straight edges that were found in individual crystal 
fragments were probably due to what has been described as “basal 
cleavage.” The fragments themselves were more or less platy; at 
least they persisted in lying in the same optical position. Efforts 
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were made to turn fragments from the position which they naturally 
take in a liquid to positions of a different optical orientation, but the 


efforts were not very successful, and when a fragment was turned, 
the slightest disturbance of the liquid caused it to turn back to its 
original position. Interference figures obtained from the crystal frag- 
ments were invariably acute bisectrix figures with the acute bisectrix 
outside the field. 

These facts indicate that 


Aggregate 
grains 


Individual 
crystal 
iragments 


Birefringence 


to basal cleavas 
to represent a cleavage that has not previously been described. Glau- 
conite is nearly uniaxial, and is negative; therefore X is the acute bi- 
sectrix, and is probably nearly parallel to the ¢ crystal axis. Inter- 
ference figures obtained from crystal fragments indicate that the 
platy surfaces of the fragments are inclined to XY, and therefore in- 
clined to c. Extinction is parallel to the straight edges of the crystal 
fragments; therefore, if glauconite is monoclinic the straight edges 
are parallel to the 6 crystal axis. These relations indicate that the 
surfaces on which individual crystal fragments habitually lie when 
immersed in a liquid probably represent a cleavage that is parallel to 
an orthodome. 

Table XI shows the indices of refraction that were obtained from 
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TABLE XI 
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the five samples that were used in computing the formula of glau- 
conite. The indices given in the column for aggregate grains were 
determined by the ordinary immersion method with oblique illumi- 
nation, daylight, and a moderate-power objective. 

The indices given in the column for individual crystal fragments 
were measured by immersing the powdered glauconite in a liquid 
that had previously been determined to be near the index to be 
measured. The mount was made on the microscope stage on a water 
cell that was connected in a water circulatory system with an Abbé 
refractometer. The same liquid in which the powdered glauconite 
was immersed was mounted in the refractometer. By changing the 
temperature, the index of the liquid could be raised or lowered until 
it exactly matched the index of the glauconite fragment. The high- 
power objective was used with central illumination, and when the 
Becke line disappeared, and then reversed its direction of movement, 
the index was read in the refractometer. By this method it was pos- 
sible to measure accurately the maximum index for any one mineral 
fragment. To determine Np a new mount had to be made, and a 
new fragment found. Moreover, a fragment had to be found that 
showed maximum birefringence; otherwise it would not give Np at 
either position of extinction. In glauconite, individual fragments are 
rare and usually very small, so that when one is found it is hard to 
say definitely whether or not it will give the minimum index of re- 
fraction. Glauconite is negative, and so near uniaxial that Nm is es- 
sentially equal to Ng. 

A comparison of the indices of refraction given in the column for 
aggregate grains and the column for individual crystal fragments 
shows that if enough aggregate grains are examined a fair approxi- 
mation of the indices of refraction can be obtained by the ordinary 
immersion method, with daylight and oblique illumination. 


MODERN GLAUCONITE 


Not enough modern glauconite could be obtained for chemical 
analyses. However, L. J. Spencer, of the British Museum, kindly 
sent to Dr. A. N. Winchell a few grains of the glauconite analyzed 
by Collet and Lee (see Table VITI, No. 17). The total amount of 
material was small, and individual crystal fragments were decided- 
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ly scarce, but enough were found to give the following results: 
Ng=1.645. Np=1.615, Ng—Np=o0.030, positive elongation, and 


parallel extinction. 

Another sample of modern glauconite for optical study was ob- 
tained from Dr. Max Littlefield, who kindly sent to Dr. A. N. Win- 
chell a small sample of sediment collected at Lat. 28° 36’ 58” N., 
Long. 33° 10’ W., and at a depth of water of 59 fathoms. The writer 
picked a few pellets of glauconite out of the sediment and obtained 
the following optical properties: Ng=1.642, Nm=1.642, Np= 
1.613, and Ng—Np=o0.029. Pleochroism: X very pale yellowish- 
green; Y and Z, a deeper yellowish-green. Positive elongation, and 
parallel extinction. 2V = 13°+3°. Negative optic sign. Two different 

rystal fragments gave acute bisectrix interference figures with the 
acute bisectrix just outside the field. These uncentered interference 
figures were very much like the uncentered interference figures that 
were obtained from samples Nos. 1-6 given in Table XI. A third 
crystal fragment yielded an acute bisectrix figure sufficiently clear 
and sufficiently well centered to permit the measurement of the optic 
angle. 

These optical data show that pleochroic individual crystal frag- 
ments of glauconite are not a result of metamorphism, and are not 
limited to the older rock formations as suggested by Collet." 


RELATION BETWEEN THE VARIATION OF THE INDICES OF 
REFRACTION AND THE CHEMICAL COMPOSITION 

An examination of Table XI shows a considerable variation in 
the indices of refraction of the different samples of glauconite. Sam- 
ples Nos. 2 and 6 contain mixtures of high-index and low-index glau- 
conite, and cannot be used in working out a relation between the 
chemical composition and the variation of the indices of refraction. 
The study of a number of individual crystal fragments in samples 
Nos. 1, 3, and 5 indicates that each of them is composed essentially 
of a single type of glauconite, and therefore they should show a re- 
lation between the indices of refraction and the chemical composi- 
tion. An examination of Table I shows that there are no outstanding 
differences in the chemical composition of samples Nos. 1, 3, and 5, 
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but there is a difference in the ferric iron content. Sample No. 3 has 
a ferric iron content of 16.2 per cent and its maximum index of re- 
fraction is 1.622, whereas No. 1 has 19.5 per cent Fe,O, and a value 
for Ng of 1.630. Sample No. 17 listed in Table VIII contains 30.83 
per cent Fe,O, and has an observed value for Ng of 1.645. This 
again shows a marked increase of the value of Ng with the increase 
in the percentage of Fe,O,. Figure 1 shows the Ng and Np curves for 
samples Nos. 1, 3, 5, and 17. 
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It is evident from Figure 1 that there is a well-defined relation 
between the value of the indices of refraction and the birefringence 
for glauconite, and the percentage of Fe,O, that it contains. This re- 
lation probably holds only for the Fe,O, that is a part of the space 
lattice, and not for Fe,O, that is present in the form of limonite as a 
result of the oxidation of the ferrous iron. The analysis of No. 6 
(Table I) indicates the oxidation of about half of the ferrous iron. A 
microscopic study of No. 6 shows that a great many of the grains of 
glauconite contain pin points of limonite and limonite stain. The 
grains that show the most limonite do not appear to have had their 
indices of refraction changed in consequence of the increase in ferric 
iron in the form of limonite at the expense of the ferrous iron. 
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GLAUCONITE POWDER X-RAY PATTERNS 

Some writers have inferred that glauconite is a mechanical mix- 
ture and not a definite compound. X-ray patterns obtained from me- 
chanical mixtures are not single, but contain the characteristic 
pattern of each substance present. The intensities of the various pat- 
terns present vary with the abundance of the corresponding sub- 
stances. The X-ray patterns obtained from five of the six samples of 
glauconite listed in Table I are definite and uniform, indicating that 
they are not mixtures. However, the X-ray pattern obtained from 
No. 4 differs from the others in that it has some extra lines which 
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Fic Diagrams of X-ray patterns from mineral powders. Width of lines in 
drawings is equal to width in the photographs; length is proportional to intensity. 


must represent another substance in sample 4 besides glauconite, 
which explains why it differs so much from the others in its compo- 
sition. 

A microscopic study of No. 4 shows that it contains more grains 
that are nearly opaque than do the other five samples; otherwise, 
there is no microscopic evidence of its difference in composition. 
This is a case where the microscope does not give any clean-cut evi- 
dence of a mixture of minerals whereas the X-ray pattern does. The 
relation of the No. 4 pattern to normal glauconite is shown in Figure 
2. From the chemical analysis it seems that sample No. 4 contains 
in association with glauconite over 20 per cent of calcium phosphate. 

The glauconite X-ray patterns were compared with the X-ray 
patterns of the chlorites and the micas; they were found to differ 
considerably from those of the chlorites, but to resemble very much 
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those of the micas. In Figure 2 a glauconite pattern is compared 
with a zinwaldite pattern which it almost duplicates. On the basis of 
optical similarities, Lacroix,’ in 1893, associated glauconite with the 
micas, and by analogy placed it in the monoclinic system. Lacroix’s 
view is thus strengthened by these X-ray data. 


OCCURRENCE AND ORIGIN OF GLAUCONITE 


Glauconite is found in rocks of all ages from the Cambrian to the 
present, and is probably in process of formation at the present time 
around all of the continents. According to Goldman,’ it is character- 
istic of a certain phase of terrigenous marine sediments. It is rare in 
the delta type of terrigenous deposits, on the one hand, and in pelag- 
ic deposits, on the other. Glauconite occurs most characteristically 
in pellets that vary in size from a little larger than 1 millimeter in di- 
ameter for the largest down to 1/30 millimeter in diameter for the 
smallest, but it also occurs in a very finely divided state as coloring 
matter, and in compacted masses without grain outline. 

The exact manner of its formation is still imperfectly understood. 
Observation of the material studied with the microscope both in the 
powdered form and in thin sections indicates that the pellets of glau- 
conite are not concretionary or odlitic. It is probable that the glau- 
conite grains have acquired their form as a result of growth, on the 
one hand, and attrition, on the other. Under favorable conditions 
material may be added to the individual pellets; under another set of 
conditions the glauconite grains are worn and rounded just as are 
other grains of sand. 

Collet,‘ who studied in detail a large number of samples of marine 
sediments, believes that all glauconite grains had their beginning in 
the pellet form as shell casts. He admits that relatively only a few 
have retained the form of the original shell molds. The principal 

* Op. cit., p. 406. 

M. I. Goldman, “‘General Character, Mode of Occurrence and Origin of Glauco- 
nite,” Washington Acad., Sci., Jour., IX (1919), 502. 

’ Recently the writer studied several thin sections of glauconitic rocks from the 
Moody formation (Oregon Oligocene). Though it could not be definitely determined, 
one of the sections contained concentric pellets of a green mineral that appeared to be 
glauconite. 


4 Op. cit., p. 132. 
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purpose served by the shells seems to have been in compacting the 
finely divided clay that was filtered into them. After the pellets had 
broken away from the containing shells they may have been modified 
in form either by the addition of material or by attrition. The trans- 
formation from clay to glauconite in some cases took place while the 
casts were still in the shell molds, but probably more often glauco- 
nitization took place after the casts were free from the shells. 

Collet’ believes that the finely divided (“‘pigmentary’’) glauco- 
nite represents powdered glauconite grains. It is entirely possible 
that some of the pigmentary glauconite has been derived from glau- 
conite pellets, but not necessarily all of it. If clay pellets can be glau- 
conitized, why cannot the finely divided clay that is not in the form 
of pellets be changed to glauconite? The fact that the glauconite pel- 
lets are much more abundant than is the pigmentary glauconite may 
simply mean that the pellets are more easily preserved. Usually 
glauconite makes up only a relatively small part of the rocks in 
which it is found, and it is to be expected that if glauconite were 
formed from fine clay not in the form of pellets, nor held together in 
some sort of a mold, it might very easily have been dissipated and 
its identity lost in the mass of marine sediments. 

According to Collet,? there are three stages in the formation of 
glauconite; the first stage is represented by pellets of clay, the second 
stage by pellets in which the alumina of the clay has in part been re- 
placed by ferric iron, and the third stage involves the taking on of 
potash and water of constitution. The process is said to be a gradual 
one, and time an important factor. 

It seems that a special environment in which organic matter plays 
some part is necessary for the formation of glauconite. According to 
Goldman,’ glauconite is formed under conditions intermediate be- 
tween strong reducing conditions, caused by high organic content 
and yielding iron sulphide, and oxidizing conditions due to low or- 


ganic content and yielding hydrous oxides. 
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I. EXTRAPOLATING THE BATHOLITHS 
II. SAMPLING A BATHOLITH FOR DETAILED WorK 
III. A PeEtTRoGRAPHIC CHEMICAL LABORATORY 


I. EXTRAPOLATING THE BATHOLITHS 

There is a striking diversity of opinion as to the form, origin, 
history, and nature of batholiths. Theories approach this problem 
from two sides: first, those based on the broader notions of earth 
growth and structures; second, those based on detailed studies of 
batholiths themselves, as structural and petrographic complexes. 
Chamberlin, Daly, Iddings, Barrell, Richardson, and Holmes have 
each outlined comprehensive theories based on broad earth struc- 
tures. The wide divergence of these suggestions, however (Fig. 1), 
is enough to indicate that more cases should be studied in petro- 
graphic detail. It is more than likely that discoveries as to the 
evolution of the magma and the structures it developed. during 
intrusion, assimilation, convection, crystallization, deformation, etc., 
may furnish data that can be used in drawing safe inferences about 
rocks at depths far below any that we may hope to see. 

Daly has used the petrogenic data extensively in his work, and 
Cloos has been finding conclusive structural work possible in some 
of the smaller granite masses of Europe. Balk has brought the 
methods to this country and examined some small igneous masses. 
The real problem of the batholiths, however, has so far had only a 
superficial attack in this country, though the problem touches 
closely nearly all other problems of geology. 

A tentative outline of some of the related problems may be 


presented. 
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The structural setting: 
Mountain vs. plateau regions 
The contact surfaces 
Walls, roof, floor (?) 
Relation of satellites 
Depth of erosion 
Size 
Relation of size to shape 
(Age) 
rhe internal structures (following Cloos’s method): 
Strike and dip of Streckung, a flowage during crystallization of magma 
Strike and dip of platy structure 
Strike and dip of rock cleavage; rift and run 
Strike and dip of joints, aplites, etc. 
lhe petrographic variation: 
Differentiated series and their sequence 
Variation in rock that looks uniform 
Relation to structure of the country 
Depth relations 
Satellites 


Assimilation 
PRESENT STATE OF INFORMATION 


In North America several batholiths have been mapped, and 
the structure and variation are known from field studies. These are 
chiefly in the western Cordillera and are not deeply eroded. The ore 
deposits, so commonly related to small masses, divert attention 
away from the larger, more barren batholiths. Even the satellitic 
relation of the small masses to the larger ones is not well established 
in most cases. The detail of internal structure has, as yet, been 
studied in scarcely half a dozen small areas. 

The petrographic variation is known with varying degrees of 
completeness in twenty-five or thirty masses that may be classed 
as batholiths or stocks. These are mostly in the United States, and 
not having been selected with any comparative study in mind, they 
do not furnish data for the solution of the problem. Possibly some 
plateau batholiths may be contrasted with others of the mountain 
types; and satellites of some large batholiths may be compared with 
their major masses. Much still remains to be done. 
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PROPOSAL OF A COMPREHENSIVE INVESTIGATION 
In North America the Canadian Shield offers an unusually fine 
opportunity for a study of these problems. This great area, some 
2,000,000 square miles, is largely underlaid by batholiths. Some of 
them are of enormous extent and others are known to be small in 
outcrop. The glaciation of the country has laid bare the fresh rocks. 
lhe region has probably not been covered with any sediment since 
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Fic. 1.—Sketch showing several different suggested extrapolations of the large 


igneous masses, at depth. 


early times, so that erosion has cut to profound depths. The struc- 
ture of the sediments dipping away on both sides of the early com- 
plex indicates a depth of erosion far beyond any indicated by the 
canyons of the Cordillera. Here, if anywhere in the continent, it 
should be possible to study those parts of a batholith that solidified 
far below the roofs. All the factors seem to converge in suggesting 
the favorable prospect of getting results from a study of the great 
Shield area east and west of Hudson Bay. 

Information now available about the Shield area is exceedingly 


vague. The rocks are said to be “‘mostly granite.’’ Petrographic 
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work is available only in the region of the southern margin of the 
Shield—the region of milder climate and larger population. Along 
that margin several batholiths are studied more or less completely. 
The greater masses of granite around Hudson Bay are essentially 
unknown and wholly unrepresented by analyses. 

Associated with the granites are ancient lava flows, and in 
smaller amounts there are the interesting Canadian areas of anortho- 
site, which are hardly any better known than the granites. 

A long list of accessory problems of the region might be pre- 
sented as arguments reinforcing the suggestion that research should 
be undertaken in the region. 

At the University of Minnesota the Department of Geology has 
been led directly to an attack upon such a problem by the work of 
the Minnesota Geological Survey. In recent years this has covered 
the mapping and petrographic study of two enormous batholiths 
and some smaller masses. A technique and equipment have been 
evolved which made it seem possible to attack the larger problem, 
though, as said before, there is no slightest desire to restrict the 
problem to local efforts. There is work for many men. 

Such a research is so broad that no one man may hope to cover 
the problem. It may well occupy the research time of several men, 
and phases of the broad problem may furnish the foundation of 
many a student thesis. Yet the record of the past indicates that 
unless some consideration is given the broad aspects of the problem, 
the approach to its soluton will be circuitous and slow, real progress 
will be accidental, and the contributions will be made “hit or miss.” 
Two methods of attack, therefore, are here suggested. 

First, it is desirable that geologists who have access to the Shield 
region should be impressed with the need for work on the batholiths, 
so that they may collect suitable rock samples and make note of 
the essential features. Material with an important bearing could be 
collected by every expedition to Arctic America, and by every 
geological survey, public or private, venturing north into the Shield. 

Second, the more direct attack can be made only if funds are 
provided specifically for the study as a scientific problem, since it 
has no appeal to mining companies or investors. It would be diffi- 
cult to name a more promising field for scientific research, or one 


that has been more neglected. 
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The presentation of the problem to the local committee resulted 
in its recommendation along with others to a research foundation, 
but no funds were obtained for any of them. Since then the plan 
has been laid before the Division of Geology of the National Re- 
search Council. A committee appointed to consider the desirability 
of the work has reported favorably; making also two recommenda- 
tions which constitute the later parts of this note. The Director of 
the Canadian Geological Survey served on this committee, and there 
are several problems on which such a research and the Survey might 
co-operate with mutual advantage. 

With such an array of favorable comment it has seemed to the 
Committee that wider publicity should now be given the idea, for 
the sake of co-operation and possibly financial support. An attempt 
has been begun at Minnesota to collect the data, and contributions 
and exchanges are solicited. It is still hoped that funds may be sup- 
plied by some research foundation, or that individuals or companies 
that have profited by the exploitation of ores or other geologic 
products may be induced to support the work. The handling of any 
such financial support can be thoroughly safeguarded by using as 
trustee existing educational agencies or the National Research 
Council. 

II. METHODS OF ROCK SAMPLING FOR ANALYSES 

The economic geologists and petrographers have in general de- 
veloped different attitudes and different methods in sampling mate- 
rials for analyses. A sample of an ore deposit is commonly taken in 
such a manner as to represent as nearly as convenient a fair average 
of a large tonnage of material in the ground. On the contrary, a 
petrographer, having found an interesting local rock phase, or even 
a hand specimen representing an unknown volume of rock in the 
field, may find it desirable for purposes of description and classifica- 
tion to have an analysis of that specimen, or small mass. A few 
chips from a hand specimen serve for analysis. Much can be said 
in defense of each method, but the two methods are not equally 
valuable for all purposes. 

The petrographer’s method gives him a result which he can 
compare with a measurement of a thin section of the same specimen. 
It is based on material that he has in his collection and can refer 
to for information, as a type. The chemical work can be checked 
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by chips from the same specimen if the results are questioned at a 
future time.’ If the analysis had been made on material collected 
as a series of chips from a large area, crushed and quartered to rea- 
sonable size, the resulting composite analysis might have been 
different from any chip in the set; it would have been an analysis 
of an average sample, not of any particular phase of the rock. Since 
it is an actual rock that the petrographer is usually interested in 
or concerned about, the average of a variable mass, constituting a 
commercial tonnage, would have little value from his standpoint. 
To be sure, he is interested in a series of phases, and a complete 
study may involve testing a large number of specimens. Too often 
analyses have been made on a single poorly selected specimen; but 
it may be repeated that a single well-selected specimen of a fairly uni- 
form mass has some advantages over a complete sample. A few 
grams of fresh rock are better than hundreds of pounds of somewhat 
weathered rock carefully quartered down. 

The kind of problem undertaken may well modify the attitude 
to be taken in such a discussion. A study of the serial variation in a 
single mass is probably best conducted by tests on specimens in the 
series as distinct from samples of great areas. In a study such as is 
proposed in the foregoing outline on the Canadian Shield, the work 
might be greatly reduced by taking average samples of large areas. 
l'o be sure, there are variations in granite batholiths, but the larger 
ones show a striking appearance of monotony over many miles. For 
very detailed study, a set of specimens might be taken, and after a 
full analysis of one, the others could be given a test for two or three 
constituents to see whether the apparent uniformity was deceptive. 
On the other hand, for a broad study of batholiths over 2,000,000 
square miles, a few composite samples of selected typical masses 
must be considered more useful for analysis than specimens, and 
certainly less bulky than a really representative collection of speci- 
mens could be. The samples should be accompanied by field notes 
on location, variation, or uniformity, freshness, relations, etc., as in 
most reconnaissance surveys. More detailed mapping of structures 
must depend on the time available. 

As a method of collecting, then, for early work on batholiths, it 
is suggested that a large outcrop be selected where the rock seems to 


* This is the attitude taken by H. S. Washington, Prof. Paper 99, p. 11. 











d 

















FUNDAMENTAL PROBLEMS OF THE BATHOLITHS 317 


be normal, and that a series of chips be taken of the fresh rock at 
arbitrarily spaced intervals; this sample to be mixed and quartered 
in the field. Hand specimens should be collected to show the nature 
of certain differentiates or special phases. If the area is difficult of 
access, it may be wise also to divide the sample and handle the 
duplicates differently. Several cases are on record where the ma- 
terial illustrating a long season’s work has been lost in transit to the 
testing laboratory. A duplicate set would have been worth many 
times as much as the trouble of saving them. 


Ill. PROPOSING A PETROGRAPHIC CHEMICAL LABORATORY 


A final suggestion arising from the proposed study of the 
Canadian Shield developed from the hope that considerable chem- 
ical work could be done on the rocks. Where can such work be ar- 
ranged for? There are several laboratories from which rock analyses 
are turned out in large numbers with a quality satisfactory for 
petrographic studies. The most noteworthy perhaps in this country 
are the laboratory of the United States Geological Survey and that 
of the Geophysical laboratory, both in Washington, D.C. These are 
kept busy on researches conducted by members of the respective 
organizations. There are also the departments of geology of uni- 
versities and the laboratories of state geological surveys, where 
analyses are made less regularly as occasion arises. Most teachers of 
advanced work in petrography want their students to know how to 
make and use analyses, but few have a well-equipped laboratory, 
and few develop any special skill in the work. There are not many 
departments of chemistry in our universities where the students are 
given courses that fit them for this particular line of analytical work 
on rocks. There are, to be sure, commercial chemical laboratories 
where such work will be undertaken, but few of them keep their 
chemists at work on rocks long enough to attain the special skill 
required for good petrographic work. 

Taken altogether, this summary statement shows that petrog- 
raphers through the country are not well situated for having 
chemical work done on rocks. It is common at meetings of the 
geological societies to hear several men in conversation agree that 
they do not know where to send material to obtain analyses of a 
type satisfactory for petrographic study, even when they have funds 
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available for such work. The problems involve a wide range of rock 


material, igneous, sedimentary, and metamorphic. 

It is apparent, then, that there is a need for some sort of labora 
tory to which research material can be sent for chemical analysis. 
To function efficiently, such a semipublic laboratory would involve 
certain distinctive features. It should have a staff of at least one and 
probably several men experienced in both chemical and microscopic 
petrographical work. As the work grows, assistants with less experi- 
ence may be added, so that they may receive training and at the 
same time increase the volume of results. The staff members, there- 
fore, should be such men as have shown ability to teach and get 
along well with advanced students. 

Probably for the sake of continuous operation the more perma- 
nent and expert men on the staff should have under way some prob- 
lems of their own which have a broad interest and which involve 
extensive work on materials already available or easily procured. 
This program of research by staff members might be interrupted at 
times when an urgent call came from research men outside the 
laboratory. From the very nature of the case, the call for such work 
will vary from month to month and from year to year, and if the 
laboratory is to be of real service, it must have a permanence that 
can adjust itself to these fluctuating demands. 

There are several kinds of institutions already in existence where 
such a laboratory might be developed. It seems unlikely that the 
state or federal surveys will feel able to support it, so that the sugges- 
tion here made is that some university or research foundation might 
do a service to the whole continent by maintaining a laboratory for 
rock analysis. This project need not be expensive. An institution 
that might normally support research men would require little except 
additional laboratory space. Samples sent in from outside might be 
expected to maintain the additions to the staff. The program is ad- 
justable to circumstances that arise. Aside from a fund for starting 
it off, and maintaining a small research staff, it seems that such a 
laboratory might be practically self-supporting. A moderate re- 
serve would make it safe to try the experiment. 

The Committee of the National Research Council, Division of 
Geology and Geography, have expressed themselves as inviting dis- 
cussion or criticism of these several suggestions. 




















THE THEORY OF LATERALLY SPREADING 
BATHOLITHS 
R. T. CHAMBERLIN AND T. A. LINK 
University of Chicago 
ABSTRACT 
Batholiths have been commonly pictured as enormous masses extending to great 
epths. Field studies, however, are showing that many of these “bottomless” batho- 
iths rest in places on visible floors of older rocks. There is evidence of much lateral 
movement by the magma which has formed sheetlike, tack-shaped or tonguelike masses 
f much less volume than commonly supposed. 

Experiments were made by the junior author to determine the mechanics of 
ntrusion without the complicating factor of lateral compression. They show that 
liquids forced upward through artificial strata do not progress straight upward, but 
follow inclined pathways, and that, if conditions permit, they spread out laterally. 
lension cracks formed on the surface above an intrusion are not ordinarily penetrated 
by the liquid, which, if it does reach the surface, pours out along the margin of the 
area uplifted. 

Batholiths develop characteristically in the hearts of strongly folded belts during 
late stages of the folding. The forces involved are a combination of the mountain- 
building compressive stresses and the magma’s own force of intrusion. Both forces 
independently tend to develop wedge-shaped blocks. Beneath the middle portion of 
the wedge the deformation extends deepest, relief of pressure is greatest, and potential 
magmas may become actual magmas. From the deep root zone, magmas work upward 
ilong inclined pathways following the lines of least resistance. The upfolding of the 
overburden, with potential cavities beneath, facilitates lateral spreading of the magma 
as it approaches the surface. Reasons are given why the roof is not commonly broken 
through. 


INTRODUCTION 

On the molten-globe hypothesis, igneous intrusions of great mag- 
nitude are the natural order of events. They are a part of the ordi- 
nary workings of a hypothesis which postulates a globe gradually 
changing from complete liquidity to less and less liquidity. Imbued 
with this conception as an inheritance, geologists have been accus- 
tomed to picture batholiths as masses which either extend straight 
downward, maintaining their surface dimensions to great depths, or 
else widen into still greater masses with increasing depth. How deep- 
ly they extend, or how they end below, has caused less concern. In 
many cases the exposed surfaces of batholiths uncovered by erosion 
are known to be very extensive. If they also extend to great depths, 
becoming bigger below, their volume must be enormous. They 
would, in fact, reach very formidable dimensions. 
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Now we know that the greater part of the earth is solid, and that 
only minor portions of it are liquid. In a solid globe the intrusion of 
enormous batholiths of the sort commonly pictured encounters seri- 
ous difficulties. It is necessary to consider what becomes of the solid 
rock material occupying the space invaded by the intrusion. Five 
alternatives have been suggested: (1) The rocks of the area may be 
pushed upward and removed by erosion; (2) they may be crowded 
sidewise, compressed into much less space, and so removed from the 
place occupied by the advancing magma; (3) they may be assimi- 
lated by the magma and thus become a part of the intruding mass; 
(4) they may form the magma themselves by reduction of pressure; 
or (5) they may be removed from their position by overhead stoping 
to sink into the magma which takes their place. 

When typical batholiths are examined it is found that the roof 
rocks have not been raised sufficiently above their former position 
to make room for any very great mass of magma. Considerable rais- 
ing there has been, for batholiths commonly form in the axes of 
upfolded mountain belts, but much of the uplifting seems to be at- 
tributable to the folding process itself. Looking laterally, the folding 
adjoining the flanks of a chain of batholiths, in so many typical 
cases, appears to be a part of the general regional deformation, and 
only very subordinately due to counter-thrust from the intruded 
magma. Indeed, some large batholithic masses have reached their 
present position without exhibiting any notable thrusting on their 
own part.’ Assimilation of cold rock material on the scale required 
would necessitate a vast amount of heat, which, in turn, could only 
be brought into the near-surface rocks by a large amount of magma. 
Studied from the chemical standpoint, the observed results at intru- 
sion contacts do not seem to justify belief in such extensive assimila- 
tion, as has been brought out by various writers. Nor can batholiths 
have been formed entirely by melting the rocks in their present posi- 
tion through reduction of pressure, because at the time of intrusion 
these rocks were not sufficiently deep below the surface to have the 
requisite temperature. The removal of moderate quantities of roof 

* Adolph Knopf, “A Geologic Reconnaissance of the Inyo Range and the Eastern 
Slope of the Southern Sierra Nevada, California,” U.S. Geol. Survey Prof. Paper 110 


(1918), pp. 12, 62-03. 





















THEORY OF LATERALLY SPREADING BATHOLITHS 


rock by overhead stoping has been established,’ but whether stoping 
can operate on the vast scale necessitated by the common conception 
of batholiths seems open to grave doubts. 

While all of these five processes have operated to some extent, 
what is now known does not encourage us to believe that their opera- 
tion is adequate to explain the very massive intrusions postulated. 
Because of these considerations the alternative conception of batho- 
liths is worthy of more serious consideration. 

THEORY OF LATERALLY SPREADING BATHOLITHS 

The idea that the large intrusive masses in the outer part of the 
earth, instead of being essentially “bottomless,” are, in reality, much 
more limited and more definite in shape, goes back more than a 

juarter of a century. Brégger’s studies on the Drammen granite 
mass in the Christiania region of Norway have shown that that 
intrusion is essentially laccolithic in nature, a result which, coupled 
with studies elsewhere, led him to the conclusion that the general 
laccolithic shape, however disguised by local irregularities, is the 
natural habit of large plutonic masses.” 

In Volume II of Chamberlin and Salisbury’s Geology, Figure 32 
gives an ideal section of a portion of the early earth, illustrating its 
assigned modes of vulcanism. In this diagram the magma tongues 
working outward from the deep interior are clearly shown, in the 
majority of cases, to spread out horizontally in lenselike masses be- 
fore congealing near the surface. Farther on in the discussion it was 
stated: “It may well be supposed, further, that the more viscous 
igneous rocks, by gradually stiffening, might often lodge in the more 
nearly horizontal stretches of the shearing zone, in large, flattened, 
disklike lenses, and constitute batholiths. The enormous areas occu- 
pied by the Archean batholiths seem to find in this an explanation 
that does not involve the serious displacements of adjacent rock 
usually assigned to them.’’ 

In 1914 Iddings discussed in masterly fashion the methods of 

*R. A. Daly, ““The Mechanics of Igneous Intrusion,” Amer. Jour. Sci., Vol. XV 
No. 4 (1903), pp. 269-98; Vol. XVI (1903), pp. 107-26. 

2W. C. Brégger, Die Eruptivgesteine des Kristianiagebietes, Vol. II (1895), pp. 


I-153. 


3T. C. Chamberlin and R. D. Salisbury, Geology, Vol. II (1906), p. 131. 
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igneous intrusion and the shapes assumed by the intruded masses." 
He believed in the great importance of fracture planes and other lines 
of weakness in determining and controlling the migration of magma. 







































His diagrams represent several hypothetical sections of possible 
types of batholiths. In no case are they represented as great bottom- 
less masses, but instead are drawn as long, flattish masses of no great 
vertical thickness and with definite floors beneath. Injection along 
zones of shear or lines of parting induced by tectonic stresses, facili- 
tated by the mobility of the magma and its expansion with reduction 
of pressure as it nears the surface, seems to have been the funda- 
mental working principle. 

Entertaining a different conception of the origin of batholiths, 
Lawson has expressed the opinion that some large intrusions, like 
the Marysville granodiorite mass and the so-called “Boulder batho- 
lith” in Montana, may perhaps have floors of lower Beltian or pre- 
Beltian rocks, and so, in his judgment, constitute laccoliths, since 
he limits the use of the term “batholith” to masses developed in situ 
by the passage of a previously solid portion of the earth’s crust into 
a molten condition.*? From another viewpoint Daly and Bowen have 
regarded the anorthosite-syenite complex of the Adirondack Moun- 
tains as probably a laccolith.’ 

Field studies in 1915 and 1916 by the senior author in the Colo- 
rado Rockies developed the fact that certain of the granite masses 
in that region of high topographic relief rest upon definite floors of 
metamorphic rock throughout a considerable portion of their extent. 
Such a relationship is seen on the south side of Mount Meeker, in 
Rocky Mountain National Park, where the upper 800-1,000 feet of 
the mountain are composed of coarse granite resting on a floor of 
schists and gneisses. The extent of the horizontal transgression of 
this granite, however, was not determined. 

In the Black Canyon of the Gunnison River in central Colorado, 
5 miles west of Sapinero, a horizontal sheet of pinkish granite with 

tJ. P. Iddings, The Problem of Volcanism. Yale University Press, 1914, pp. 157 

\. C. Lawson, “Is the Boulder ‘Batholith’ a Laccolith?” University of California 
Pul wions, Vol. VILL (1914), pp. 1-15. 


N. L. Bowen, “The Problem of the Anorthosites,”’ Jour. of Geol., Vol. XXV 
17), Pp. 209-43 
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a sharply defined floor of inclined schists and gneisses shows very 
clearly. The schists, which strike N. 30-50 W., dip in general 
southwestward at angles of 60°-70°. The granite sheet intruded from 


the west has cut across these older structures in a nearly horizontal 
position. For a quarter of a mile from the eastern edge of the sheet 
the underlying metamorphic rocks are well exposed. Then they dis- 
appear beneath talus near the river. At this point the granite sheet 
is about 200 feet thick. It becomes gradually thicker westward. 
l'wo-thirds of a mile farther west the underlying schists reappear, 
while the sharp upper contact of the intrusion is about 500 feet above 
the river. For another mile westward the exposures near the river 
are chiefly of granite, but in places schists reappear beneath the 
granite, though they do not seem to constitute a very definite floor. 
For more than 2 miles, therefore, a flattish pancake-shaped mass of 
pinkish granite cuts horizontally across older schists whose struc- 
tures are steeply inclined. Various dikes, some of them pegmatitic, 
suggest that the magma came up along several different lines. 

Along the Grand River, 1o miles above Glenwood Springs, where 
the pre-Cambrian rocks are exposed in the canyon beneath the 
Paleozoics, somewhat similar relations were observed on a smaller 
scale. Sheets of granite, either horizontal or inclined at angles of less 
than 20°, cut across nearly vertical metasedimentaries. These are 
relatively small masses, but they are a prevailing type of intrusion 
in the region and indicate a tendency of the magma to spread hori- 
zontally even to the extent of cutting sharply across the dominant 
vertical structures already existing. 

These different Colorado intrusions have spread out horizontally, 
but not along bedding planes or planes of schistosity. Instead, they 
have cut across these structural planes of weakness nearly at right 
angles. Hence they are not true laccoliths, for in laccoliths the mag- 
ma is injected between beds in such a way as to arch the overlying 
strata in concordant relations. Nor are they large sills, for in such 
the magma is insinuated between layers." Showing a disregard for 

* The importance of sills has been emphasized by E. C. Andrews: “A study of 
Australian geology indicates strongly that igneous rocks of intrusive nature tend to 
assume the form either of sills, or of flat lenses between the planes of bedding or of 


schistosity, and this tendency appears to be in proportion to the pressure and heat 


obtaining at the localities where the intrusions occur . . . . as individual lenses they 
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existing stratification and prevailing schistosity, they indicate other 
controlling factors. Whether masses of this size are to be called bath- 
oliths depends of course on the definition of a batholith. They seem 
in any case to illustrate the behavior of large transgressive igneous 
intrusions. A strong tendency toward horizontal spreading is ap- 
parent. 

Magma naturally spreads in the lines of least resistance. The 
question resolves itself into: What are the lines of least resistance? 
As an incident in the experimental investigation of faulting and fold- 
ing, it has been found that horizontal compressive stresses, of the 
sort postulated for mountain building, commonly cause arching of 
the overburden with the formation of lense-like cavities beneath." In 
the earth open cavities of the sorts obtained in small-scale experi- 
ments would not actually develop, owing to the heavy weight of 
overburden, but the potential tendency to raise the roof would still 
be operative in the belts where yielding occurs in response to strong 
horizontal compression. Into such potential cavities the penetration 
of magma would be facilitated, both by partial relief of pressure due 
to partial support of the overlying rock by horizontal thrusting, and 
by the shearing movements involved in the deformation.’ 

These principles should operate to locate the greatest intrusions 
in the central axial portions of strongly folded and faulted mountain 
systems. That the great majority of the known batholiths are lo- 
cated in the midst of strongly folded belts, where they were intruded 
in a late stage of the folding and where today they constitute the 
“cores” of the old ranges, has become strikingly evident in recent 
years. The Laurentian, Algoman, and Killarney granites of the Ca- 
nadian shield are so related to the Laurentian, Algoman, and Killar- 
ney diastrophic revolutions; the Appalachian batholiths of late 


are discontinuous and show no sign of feeders or dikes arranged transversely to the 
strike of the associated sediments” (“Geographic Distribution of Ore Deposits in 


Australasia,” Econ. Geol., Vol. XVIII [1923], p. 23). 


*R. T. Chamberlin and W. Z. Miller, ““Low-Angle Faulting,” Jour. of Geol., Vol. 
XXVI (1918), p. 25; R. T. Chamberlin and F. P. Shepard, “Some Experiments in 
Folding,” Jour. of Geol., Vol. XXXI (1923), pp. 501; 508-0. 


“Vulcanism and Mountain-Making: A Supplementary Note,” Jour. of Geol., 
Vol. XXIX \Ig2t), p i0d. 
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Paleozoic age to that revolution;' the Sierra Nevada and Coast 
Range batholiths to the Sierra Nevada and Coast Range Jurasside 
folding; while in Europe the “Caledonian Intrusions” and “‘Armori- 
can Intrusions” were important features of the Caledonian and 
Armorican diastrophic episodes.’ In all of these instances, the trends 
of the batholiths are similar to the trends of the folding and faulting 
to which they were genetically related. 

In the laboratory experiments the suggestive cavities were char- 
acterized by much greater horizontal than vertical dimensions. In 
the earth the actual separation of an upper shell from a lower shell 
can only take place by the insinuation of magma between the two 
under conditions such that the liquid sheet, aided by the horizontal 
thrusting, is able to raise and support the roof rocks. An important 
factor in the separation of roof from floor, recognized in the case of 
laccoliths, is the lateral spreading of the magma.’ Likewise in the 
irregular batholithic intrusions, even though the lifting force is 
dominantly tectonic instead of chiefly the hydrostatic force of the 
intrusion itself, lateral spreading of the magma is mechanically very 
important in detaching the roof from the floor. Because of the hori- 
zontal spreading of the magma near the surface, the intrusion-form 
to be expected is pancake-shaped, mushroom-shaped, or tack- 
shaped, in which the spread-out upper portion is likened to the head 
of the tack and the supplying conduit below to the shaft of the tack.‘ 
It is, of course, to be recognized that, since these masses are intruded 
in the midst of strongly folded belts under tectonic stresses, the pan- 
cake or tack-head is likely to be elongated parallel with the axis of 
folding, or the trend of the related thrust faults. Circularity of 
ground-plan would be exceptional, and the experiments of the junior 
author, which follow, suggest an inclined shaft rather than a vertical 
one as the normal occurrence. 

Cloos and some of his co-workers have recently attacked the 

t Arthur Keith, “Outlines of Appalachian Structure,” Bull. Geol. Soc. Amer., Vol. 
XXXIV (1923), pp. 309-80. 

2 F. H. Hatch, The Petrology of the Igneous Rocks, 8th ed., London, 1926. 

s W. M. Davis, personal conversation concerning laccoliths. 


4 Jour. of Geol., Vol. XXIX (1921), p. 168; “Whittling Down the Batholiths,” 
Bull. Geol. Soc. Amer., Vol. XX XVIII (1927), p. 109. 
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batholith problem from an entirely new standpoint which involves a 
very detailed field scrutiny of the lines of flow and fracture manifest- 
ed in certain large granitic masses.’ In very extensive studies upon 
many of the granite masses of Germany, they have found that the 
primary flow structures (manifested by parallelism of grain, or 
“stretching”’) are consistently uniform in direction over wide areas. 
In general, the strike of the stretching was found to be parallel to 
the strike of the foliation of the containing gneisses and schists, from 
which, together with the orientation of the jointing and other phe- 
nomena, Cloos has concluded that tectonic forces have controlled 
the intrusion of these magmas. That the tectonic forces continued 
some time after the solidification of the magma was thought to be 
evidenced by certain joints (streck-flaéchen) with the relations of nor- 
mal faulting, which indicated further elongation of the solidified 
mass in the direction of the stretching. The same general forces 
which produced the “‘stretching”’ during the liquid phase have pro- 
duced the jointing of the solid phase. 

The general shape of these German granite masses which have 
been studied is anticlinal or domelike, the deep-seated source appar- 
ently having been beneath the dome, from which the magma has 
spread in different directions as lines of weakness permitted. Some 
of the masses are drawn as distinct tonguelike bodies. Their vertical 
thickness is thought to be only moderate, and in various places an 
underlying floor has been observed. They have been designated, 
“pseudobatholiths.”’ Balk states: 

Their history is widely different from that of batholiths, though at first sight 
they resemble batholiths closely. We may consider them merely as smaller off- 
shoots from a large subjacent mass; but the latter is concealed entirely from any 
direct observation and its extent and shape can be only a matter of theoretical 
speculation. All visible intrusions seem to be subjected to tectonic forces of the 
zone above the batholiths. The writer therefore considers it prudent not to 
apply the term “batholith’” too generally, and to exclude intrusions whose 

‘Hans Cloos, Der Mechanismus liefoulkanischer Vorgdinge, Sammlung Vieweg, 
Heft 57 (1921); Das Batholithenproblem, Berlin: Gebriider Borntraeger, 1923; Ein- 
fiihrung in die tektonische Behandlung magmatischer Erscheinungen (Granittektonik), 
Part I, ‘Das Riesengebirge in Schlesien,” Gebriider Borntraeger, 1925; Robert Balk, 
“Primary Structure of Granite Massives,” Bull. Geol. Soc. Amer., Vol. XXXVI (1925), 


»p. 6790-900. 
Pp. 679-9 
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s!;apes may have resulted from orogenic forces or may have adapted themselves 
to older structural conditions.’ 
EXPERIMENTAL INVESTIGATION 

Except as magmas progress chiefly by assimilation or overhead 
stoping, their advance under pressure into solid rock formations 
must be determined largely by the pathways of least resistance. Ex- 
periments, for which the credit for initiation and execution belongs 
to the junior author, were carried on to reveal the lines taken by 
solids and liquids forced from below into artificial rock formations. 

A pparatus.—The apparatus used in all these experiments, with 
the exception of No. 43, is shown in cross-section in Figure 1. The 
entire apparatus was securely bolted to a laboratory table-top. The 
finished models were lifted out of the box on the false bottom 6 and 
then photographed in ground plan. Molten paraffin was then poured 
into all open fissures at the surface, after which the models were cut 
through by means of a cross-cut saw, and the cross-sections photo- 
graphed. 

INJECTION OF SOLID MATERIAL 

Cylinders of solid plaster of Paris were injected through the 
nipple, or pipe, £ into the artificial strata S by means of the jack- 
screw L. The results are shown diagrammatically in Figure 2. Upon 
application of pressure, small, outwardly branching, thrust-fault 
planes commonly developed at the edge of the cylinder P, while at 
the surface a slight doming-up was noticeable, together with the 
opening of tension fissures 7. In ground plan the tension fissures 
commonly radiated outward in three directions as shown in Figure 
2, A’. Around the periphery of the small dome at the point of great- 
est flexure there usually developed (in brittle material) a circum- 
ferential or hinge-break H 1 (Fig. 2, A and A’). Further application 
of pressure caused fault plane F to extend itself upward, while the 
tension crack 7 widened in cross-section and grew outward in 
ground plan (Fig. 2, B and B’), and another circumferential hinge- 
break H 2 in most cases developed around the outer margin of the 
growing dome. 


* Robert Balk, “Primary Structure of Granite Massives,” Bull. Geol. Soc. Amer., 
Vol. XXXVI (1925), p. 691. 
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With further progress of the experiment, other thrust-fault 
planes had a tendency to develop at lower angles than the original 





3 
° 
. 
> 
— 
ne 
—}> 



























































a a 








rman 4. We 








Fic. 1.—Apparatus for experimental intrusion. A, permanent sides or walls of box; 
1, removable sides or walls of box; B, permanent floor of box; 6, removable floor of box; 
S, artificial strata to be intruded; D, table top; Z, 23-inch iron nipple or pipe; F, reduc- 
ing bushing (iron) screwed to table top; G, 34-inch iron collar separable from F; H, 
3}-inch iron nipple; J and J, wooden plunger or piston (J) with rubber packers (/); 
K, wooden block; L, iron jackscrew. The scale is shown graphically in the figure. 
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t F, but it is apparent that the plaster of Paris cylinder has actually 
1 carried a load upward, and the major thrust-fault plane cannot be at 
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Fic. 2.—Diagrammatic results of forcing cylinder of plaster of Paris upward into 
artificial strata. Progress in cross-section shown on left, and surface changes on right. 





too low an angle. The thrust-plane F may actually follow a bedding 
plane for some distance, but the general tendency was to break to- 
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ward the surface as quickly and easily as possible until finally a 
bowl-shaped mass of sediments was detached from the surrounding 
material. (Fig. 2, D and D’.) In many cases the thrust-plane F 
joined the last formed peripheral break H 4 to reach the surface. 
At this stage in the experiment the growing tension fissures T 
had become much wider and extended themselves outward even be- 
yond the last hinge-break. In radiating outward they were occa- 
sionally deflected by the 
previously formed hinge- 
breaks, and in many cas- 
es more than three radi- 
ating tension fissures 
developed. Further up- 
ward pushing of the 
cylinder caused the in- 
verted truncated cone 
to move straight up- 


Fic. 3.—The third or final stage of Experiment ward, and to free itself 
No. 43 as observed through the plate-glass side 





The light sand above is the overburden, and the from the surrounding 
white block P is the plaster-of-Paris block, which was MAaSS (Fig. 2, E). 

forced upward into the artificial sediments. All scales But other factors now 
shown are 15 cm. in length came into play. As the 
tension cracks had become developed and much widened, and the 
earlier hinge-breaks had begun to gape, the upward moving mass 
manifested a strong tendency to spread apart as indicated by the 
arrows S. In addition, normal gravity or landslide faulting N in 
some cases caused a settling of the overhanging mass near the bor- 
ders. In nature, where gravity is relatively more important, these 
forces will prevent complete separation of the masses along the over- 
thrust fault plane F (Fig. 2, £). 

Several experiments were performed which demonstrate this se- 
quence of events, but it suffices to illustrate only one (No. 42, Fig. 3). 
In this experiment the apparatus was fitted with a strong plate-glass 
side, and a rectangular solid, instead of a cylinder, was forced up- 
ward into the sediments as shown by P and the arrow in Figure 3. 
Through the plate glass the sequence of events was clearly observed, 
and the succession of events was as described above. An overburden 
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of loose sand was placed above the alternating layers of plaster and 
sand consolidated with plaster. Figure 3 shows the final stage of this 
experiment only. Compare this with Fig. 2 £. 
INJECTION OF PLASTIC OR LIQUID MATERIALS 

After using solid intrusive masses, graded experiments were con- 
ducted with intrusive materials ranging from rigid solids to highly 
mobile liquids in order B 
to cover the possible 
range of the phenomena. 
In particular, liquid and 
plastic muds, grease, and 
molten paraffin were in- 
jected into the artificial 
layers by filling the iron 
collar G and the nipple 
H with these substances 
and then forcing them 
upward by means of the 
jackscrew. The air-tight 
piston J, fitted with rub- 
ber packers J above and 





below, prevented any 





escape of the liquid. In A 
some cases. plastic mud Fic. 4. Ground plan or top view of Experiment 
or grease was placed in No. 12, showing position of cross-section A-B. 
nipple E and bushing F above a more mobile liquid inG and H. A 
few characteristic results follow. 

Experiment No. 12 (Figs. 4 and 5).—This experiment reveals the 
nature of fracturing resulting from an injection of moderately fluid 
or plastic mud into an overlying succession of artificial strata. Table 
I gives the composition of the layers and the experimental details. 

The fractures diverged upward from the top of the injected mass. 
On the surface the continuous ringlike fracture appeared first, re- 
lieving tension and thus preventing the formation of the common 
tension cracks radiating from the center. However, eight master 
tension cracks later radiated outward from the first peripheral break, 
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w 
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and thus tension was relieved ultimately by both kinds of fracture. 

The cross-section shows the characteristic upthrust fault planes and 

the “bowl-in-bowl” arrangement of the successive peripheral breaks 

in descending order. The mud spread outward in tongues and made 

an attempt to squeeze its way into the outer and lowest peripheral 
TABLE I* 


RECORD OF SEDIMENTS 


Kind of Material 


Stratun nd Proportion Weight in Thickness in 
— “i me” | Kilograms Centimeters 
Overburden removed before intrusion 0.00 0.00 
Plaster, 0.63 
Plaster No. 3 Cement, 0. 10 1.94 0. 60 
Water, 1.21 
Sand, 6.75 
: Plaster, 0.5 . 
Sand No — 54 9.55 3.60 
Cement, 0. 10 
Water, 2.49 
. Plaster, 0.54 
Plaster No. 2 ; ° > 77 ©. 60 
. Water, 1.23 “ 
Carbon Thin surface of 
carbon 
Sand, 6.75 | 
Plaster, 0.54 
Sand Nx ? 9.88 } ) 
Cement, 0. 10 , aie 
Water, 2.40 
Plaster, 0. 54 
Plaster No. 1 F 4 I 2. 40 
Water, 1.23 a ” 
Sand, 8.10 
Sand No. 1 Plaster, 0.63 II. 22 3.70 
Water, 2 49 
Total ed 36. 46 12.20 
Duration of intrusion, 3 minutes (approx 
Maximum uplift, 4 cm 


Material injected, Semiplastic mud, stiffer than grease 


break, but it did not penetrate far into the fissures. These were 
afterward filled with liquid paraffin to hold the model together and 
to render the fractures more conspicuous. 

Experiment No. 14 (Figs. 6 and 7).—Sediments of the same sort 
as used in Experiment 12 were again employed, but instead of semi- 
fluid mud, ordinary petrolatum (grease) was injected through the 
same-sized opening beneath. The duration of the intrusion was ap- 
proximately 4 minutes. A roughly radiating tension-crack system 
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was developed on the surface, but this was offset considerably by 
the peripheral hinge breaks. (The fracturing near the margins of the 
photograph was done accidentally in lifting the model.) The cause 
of the asymmetrical arrangement of the radiating tension cracks be- 
comes obvious from a study of the cross-section. From this it is 
apparent that the mobile grease was spreading and breaking its way 
more readily to the left (in cross-section) or to the northeast, as seen 
on the map. There was, however, general lateral spreading in the 
lower part of the “magma.” 





Fic. 5.—Cross-section A—B of Experiment No. 12, showing also the shape of the 
‘intrusive’ mud after removal of part of the artificial strata. 


Experiment No. 16 (Figs. 8 and g).—In this experiment a hot, 
molten mixture of pure paraffin and petrolatum was injected through 
the same-sized opening and into the same sort of sediments as in the 
two experiments just described. The intrusion occupied about 7 min- 
utes. The result was less arching of the layers and less tension frac- 
turing. A large plateau-like area rose, bounded by fractures on 
all sides. After a considerable time it became obvious that the 
greater part of the intruded liquid was migrating northeastward. 
A conspicuous fracture was developing in that direction, and from 
it branched three others toward the west, northwest, and north, 
while actual buckling of the uppermost thin crust layer was taking 
place in the north and central-eastern parts. Finally an extrusion of 
“lava” occurred near the northeastern corner of the field (arrow). 
The cross-section shows clearly what happened. The intruded 
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liquid commenced to spread along the floor as a sill, but soon the 
rapid cooling of its outer margins caused an accumulation behind 
which lifted the entire mass of strata. A fracture plane (half-bowl- 
shaped) developed in a northeasterly direction and the continued 

















Fic. 6 





er a 


Fic Cross-section A—B of Experiment No. 14 


accumulation of the liquid caused it to grow upward until the surface 
was reached. At the same instant “lava” was extruded at the sur- 
face. It is important to note that the fracture plane through the 
hard, brittle plaster layers was cut at a very high angle, while 
through the sand the angle was much lower. If all the sediments 
were removed, the shape of the intruded mass would be that of a 
very flat half-bowl or saucer. 
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Experiment No. 18 (Figs. 10 and 11).—In this experiment the 
same sort of strata, liquid paraffin, etc. as in No. 16 were again used, 
but instead of placing petrolatum in the upper part of the pipe 
through which the “magma” was forced, a thin, fluid clay with a 











, 


Fic. 8 Top view of Experiment No. 16, showing fractures, extruded “lava,’ 


ind the position of cross-section A-—B. 





Fic. 9.—Cross-section A—B of Experiment No. 16 


dash of plaster of Paris was placed in the upper part of the pipe. 
The intrusion occupied about 5 minutes. Upon intrusion of this 
“magma” the characteristic radiating tension cracks developed and 
began to extend outward as usual. But it soon became apparent that 
the liquid was following a southeasterly course, since the fissure ex- 
tending in that direction was growing faster outward and gaping 
more than the others. The extrusion of “lava” began relatively 
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early. The point where the extrusion took place is indicated by the 
arrow. 

The cross-section shows that the somewhat stiffer clay caused 
the formation of a sharp uplift with radial tension cracks as well as 


B 





Fic. 1 lop view of Experiment No. 18, showing radial tension fissures, 
extruded “lava,” and the position of cross-section A-B. 





Fic. 11.—Cross-section A~B of Experiment No. 18 


early shearing along the chief fracture plane. In consequence, the 
molten paraffin, being more fluid than the mud, promptly followed 
the first break till it reached the surface. It is particularly important 
to note here that no liquid found its way into the radial tension 
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fractures. These are surficial features which die out at shallow 
depths and can only be filled with liquid from below during the very 
latest stages, if at all. The conditions under which such radiating 
fractures can be filled with magma and thus form dikes, such as de- 
veloped around the Spanish Peaks, Colorado, are to be discussed by 
the junior author elsewhere. 

Experiment No. 25 (Figs. 12-15).—The behavior of fluid or 
molten paraffin when encountering a relatively plastic layer on its 

TABLE II* 


RECORD OF SEDIMENTS 


Kind of Materialand Propor- | Weightin | Thickness in 
tions in Kilograms |  Kilograms Centimeters 


atum 


No Overburden | 


lop layer Chin veneer of plaster ? 0.10 

Sand, 7.80 
. Cement, o. 80 

Sand No. 2 Plaster, 0.72 (| 12.32 3.80 
Water, 3.00 } | 

Petrolatum No. 2 Petrolatum, o. 30 ©. 30 0. 50 

Clay No. 1 Fluid mud (clay), 2.80 . 2 | a aa 
’ Cement, ©. 40 | 

Petrolatum No. 1 Petrolatum, o. 30 0. 30 ©. 40 
Sand, 7.80 

Sand No. 1 Cement, o. 80 11.60 3.40 
Water, 3.00 

Total ; 28.12 10. 20 





* Duration of intrusion, 4 minutes (approx.). 
Maximun 


Injected material, liquid, molten paraffin with semiplastic mud placed above in nipple E and bushing 
I 


F (see Fig 





plift, 2.10 cm 


way upward was well illustrated in Experiment No. 25. In this ex- 
periment the lowest layer was sand mixed with cement in about the 
same proportions as in the previous experiments (see Table II). 
Above the sand was a thin layer of petrolatum, which in turn was 
overlaid by a thicker layer of semiplastic clay. Above this clay was 
another thin layer of petrolatum, overlaid by the uppermost sand- 
cement horizon. The molten paraffin was forced upward in the usual 
manner, but above it, in the “‘bushing,” was first placed a relatively 
plastic mud mixture. 

A most interesting wandering of the liquid resulted., The first 
manifestation of its upward movement at the surface was the forma- 
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tion of the characteristic radial tension cracks at x (Fig. 12), slightly 
to the south of the opening. However, the liquid soon began to 
migrate almost due northward toward C, as was clearly shown by 
the extension of tension crack a—C in that direction, as well as the 
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D 
Fic. 1 lop view of Experiment No. 25, showing location of cross-section A—B 


as well as points mentioned in text in connection with the migration of the intruded 


‘magma 





1G. 13.—Cross-section B-A of Experiment No. 25, showing underground position 


of the points mentioned in the text. 


wide gaping of this same fissure. An upward doming was then taking 
place at C with the formation of more radial-tension cracks, and for 
a moment it appeared as if the liquid would find its way to the sur- 
face in the vicinity of y, since slow growth of the dome in that direc- 
tion was in evidence. Rather suddenly a movement in the direction 
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of g became apparent from the extension and growth of tension crack 
C-q. The widening of this latter fissure caused the partial closing up 
of tension crack x—C, and the migration toward g was now quite 
rapid and pronounced. Other branching tension cracks radiated from 
C-q. Finally an upthrust fault developed along the line a-a, and 
with its formation the intrusion had spent itself. It is quite obvious 
that further pressure, or more liquid, would have resulted in an ex- 
trusion along thrust fault a—a. 

The cross-sections (Figs. 13 and 14) show clearly the course of 
the liquid. The corresponding subsurface locations are designated by 





Fic. 14.—Cross-section B—C—D of Experiment No. 25, showing position of points 
mentioned in the text. 


the letters x, C, y, and g, and picture in cross-section the history de- 
scribed above. Without the knowledge of the surface manifestations 
observed during the experiment, it would be a rather difficult matter 
to interpret the relationships between the three laccoliths shown in 
the cross-section. It is of extreme importance to note that all the 
magma which caused the uplift found its way through the plastic 
but compressed mud above it in the bushing, via one single, minute 
fissure less than 3 mm. wide, as shown in Figure 15, but that when 
it encountered the mud layer, which was not under pressure, it mi- 
grated and floundered about somewhat aimlessly, spreading out into 
an irregularly shaped laccolith. 

Experiment No. 30 (Fig. 16).—In an attempt to study the be- 
havior of a molten mass intruded into homogeneous material, a mix- 
ture of molten paraffin and petrolatum was injected into loose, dry, 
fine-grained sand. The intrusion occupied about 5 minutes. The first 
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surface manifestation of the upward moving liquid was the forma- 
tion of a small dome directly above the point of injection. The dome 
gradually grew and migrated slightly eastward. Suddenly the migra- 
tion turned westward and an extrusion burst forth on the west side 
of the dome, progressing via the usual upthrust fault plane. Inter- 
mittent phases of extrusion were produced by halting the application 
of pressure at intervals. Three distinct extrusions occurred via the 
first vent, but a still later extrusion broke somewhat nearer the cen- 
ter, east of the first one. (No 
photograph in ground plan 
was taken of this experi- 
ment.) 

Upon removal of the sand, 
the semi-bowl shape of the 
intrusive mass, as well as the 
development of the second 
vent inward from the first, 
were well shown (Fig. 16). It 
is of prime significance to note 
that the magma did not rise 





straight upward, but tended 
Fic. 15.—TIllustrating the size of the to spread laterally in all direc- 
“conduit” (curving black fissure) in the upper tions toward the formation of 
SS Se ee eg complete bowl, and that 
all the “intrusive” paraffin passed A 
once an avenue of escape to 
the surface had been established the entire movement was along that 
plane. 

Experiment No. 31 (Figs. 17 and 18).—This experiment was simi- 
lar to No. 30 except that the sand into which the paraffin was forced 
was water-soaked and besprinkled at thé surface with a little coarse 
plaster. The intrusion lasted approximately 7 minutes. No prelim- 
inary dome of appreciable size was formed. The first indication at 
the surface was a sudden, violent extrusion on the east side. Later 
another vent formed along an extension of the fracture directly to 
the south of the first vent, and two distinct flows issued from this 
outlet. Toward the close of the experiment, tension cracks formed 
(Fig. 17), but no liquid was extruded through these fissures, in spite 
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- of their apparent deep extension. The shape of the intrusion and its 


e relationship to the extrusive sheets is shown in Figure 18. It is im- 
- portant to note here again the half-bowl shape of the intrusion, its 
e thinness, and also the fact that the second sheet, which developed 
- late in the history of the intrusion, was inward from the first. 

i Other experiments.—The experiments just described are only 
seven of the fifteen attempts to study the mechanics of igneous in- 
- trusions. The results of the remaining eight were essentially the same 
) as those just discussed, 

i but space does not per- 


mit their presentation at 
this time. Assuming no 
active lateral compres- 
sion, it is safe to con- 
clude that the shape of 





intruded bodies and the 
resulting structure is 


controlled by the follow- Fic. 16.—The shape of the “intrusive’’ mass in 
Experiment No. 30, and its relationship to the 


‘ 


ing factors: (1) viscosity — = 3 
5 ‘ ‘extrusion”’ after removal of the loose sand. 

of the magma; (2) nature 

of the sediments, i.e., their competency, plasticity, brittleness, etc.; 
(3) structure of the sediments before intrusion of magma; (4) rate 
of intrusion (time factor). 


GENERAL PRINCIPLES DEVELOPED 
INTRUSIONS BY THE FORCE OF THE INTRUDING LIQUID ALONE 
In all of these experiments the principles of fracturing governed 
the migration of the liquid. The force was applied over a small area 
at the bottom of the prepared model and was exerted by the liquid 
itself. Under these conditions, fracturing by shear tended to occur 
on the 45° principle, the inclined planes rising outward from the 
area of applied force. The angles, however, varied with the nature 
of the material, being lower in the sand layers where shearing be- 
tween the grains was easiest, and higher in the brittle plaster layers 
which were more coherent and were broken across by the uprising 
of the mass beneath. In general these results indicate the reason for 
the development of ring-dikes, ring-bosses and cone-sheets. A tend- 
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ency for earlier intrusions to solidify and seal the route against 
further progress of the liquid along the same lines was noted. In 
consequence later intrusions in many cases broke out to the surface 
along lines nearer to the source of the liquid. But in no case did the 
liquid find its way into the radial tension cracks in the central part 
of the dome. It spread laterally instead. 

Where a specially weak layer was encountered, as in Experiment 
No. 25, the “magma” spread out laterally into a laccolithic body. 
In this experiment three 
distinct laccoliths devel- 
oped, even though all 
the magma which made 
them found its way along 
a single minute fracture 
which made a vein only 
3 mm. thick (Fig. 15). 

It is, however, not the 
purpose of this paper to 
consider the different 
conditions of invaded 
rocks or intruding mate- 
rial which determine 
dikes or laccoliths. The 
Fic. 17.—Top view of Experiment No. 31, show- injections in any case fol- 


ing the “lava” flows and the later-developed tension low the fracture or frac- 
fissures. 





tures which develop deep 
down near the source of the liquid and, in the earlier stages at least, 
are largely independent of the shallow surface cracks. If there are 
no pre-existing fracture lines to influence the result, and no forces in 
operation except gravity and the force of the intrusion itself, the 
intrusion will either proceed obliquely upward along fracture planes 
produced by the force which it exerts, or else it will spread laterally 
in a weak layer, arching and lifting the overlying material. The 
nature of the materials and the viscosity of the intruding liquid 
determine which of these types of procedure takes place. In either 
case the intrusion does not move straight up. 
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‘ 


INTRUSION COMPLICATED BY HORIZONTAL TECTONIC STRESSES 

Laccoliths.—Thus far we have been considering dikes and lacco- 
liths, and these have been in their simplest forms without complicat- 
ing stresses from outside. Let us now add tectonic forces. In case 
of formations which are predisposed to fold rather than fault, such 
as soft and relatively plastic shales, moderate horizontal tectonic 
compression, not strong enough of itself to cause deformation, would 
favor the formation of laccoliths by aiding in the up-arching of the 
strata above the intrusion. The partial lifting of the strata by tec- 
tonic stresses may perhaps be an important contributing factor in 


the formation of laccoliths. Laccoliths seem to have been most com- 


~ 





Fic. 18.-The shape of the “intrusive” paraffin and its relationship to the “extru- 
sion” after partial removal of the wet sand. Experiment No. 31. ’ 
monly developed in their typical form in regions of mild horizontal 
compression. The best illustrations in the western United States are 
located near, but outside of, the belts of pronounced folding. In these 
situations there have been regional horizontal thrusting stresses suffi- 
cient to co-operate with intrusion forces, though not sufficient to de- 
form the strata acting alone. 
Batholiths —Laccoliths grade into batholiths, as the amount of 
regional deformation increases. There is no sharp line of division. 
In the gradation to batholiths there is increasing irregularity of form, 
more and more transcordant relation to the country rocks, and as a 
rule, though not necessarily, greater volume of intruded magma. It 
seems evident from the location of the so-called “batholiths” in 
regions of strong rock deformation, and from the close relationship 
between the long dimensions of the batholiths, their internal struc- 
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tures, and the tectonically produced structures of the folded belts 
which inclose them, that tectonic forces have been of the greatest 
importance in their genesis and growth. For the problem of the 
batholiths, therefore, we have to combine the principles of simple 
intrusion with the larger, general control by intense mountain-build- 
ing deformation. 

While the bringing together of the necessary factors in actual 
experimentation introduces many complications, an analysis of what 
is known of the mechanics of mountain building by folding and fault- 
ing ought to lead in the right direction. Mountain-building by fold- 
ing and thrust-faulting implies important crustal shortening within 
the folded belt. Strata deposited as flat-lying sediments have been 
squeezed in such cases into mountain belts having only half, or even 
only a third, of the area which the beds formerly occupied. Two 
given points on the surface on opposite sides of a folded belt are 
many miles closer together after the folding than they were before 
the crumpling. ‘This means important horizontal shifting of the 
earth’s surface within the folded belt and its immediate vicinity. 

Available evidence seems to indicate that the more intense fold- 
ings do not extend down to great depths. Mountain foldings involv- 
ing severe compression, sharp folding, and great crustal shortening 
are of the thin-shelled type.' In these the thin, movable shell which 
has been greatly folded and faulted shears upon the material below, 
in which the accommodation to stress conditions is of a more perva- 
sive sort. In addition to shearing at the base of the more strongly 
moving portion, the processes of strong folding and overthrust fault- 
ing necessarily involve extensive adjustments by lateral shearing 
within the shallow deformed shell itself. 

It is to such zones of shear, and planes of shear, that we naturally 
turn in seeking the avenues of migration of magmas. As in the ex- 
periments just described, the whereabouts and inclination of the 
zones of shearing therefore become of prime importance. For two 
typical strongly deformed mountain systems to yield the desired 
data, we may select the Caledonian system and the Appalachian 


t “The Building of the Colorado Rox kies,”’ Jour. of Geol., Vol. XXVII (1919), pp- 


is 


248-51. 
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system. Both are old and deeply denuded, so that the extensive 
dissection has bared their internal anatomy. 

The Caledonian system, formed at the close of the Silurian peri- 
od, was a two-sided orogeny on whose eastern border in Scandinavia 
the overthrust fault planes dip W. NW. under the mountain mass, 
and on whose western border in Scotland and Ireland the fault planes 
dip under the folded mass in an E. SE. direction. Bounded thus on 
both flanks by in-dipping border faults, the deformed mass was thus 
wedge-shaped with its thickest and deepest portion in the middle. 
Near both margins an imbricate structure was strongly developed. 
Cutting through the imbricate structure on each flank was a series 
of low-angle overthrusts having many miles of horizontal displace- 
ment. None of these faults near the margins of the wedge extended 
deeply; the displacements along the faults of the imbricate structure 
were not great, and they died out rapidly with increasing depth; 
while the great low-angle overthrusts which had miles of displace- 
ment were along planes so nearly horizontal for many miles back 
from the borders of the deformed belt that, in the marginal portions, 
they reached no great depths. The marginal phenomena of the Cale- 
donian orogeny were dominantly the driving outward of relatively 
shallow fault slices. Farther back from the margins, the in-dipping 
fault planes gradually reached greater depths. 

If we note the distribution of the contemporaneous granites and 
other igneous masses which were intruded concurrently with the 
Caledonian diastrophism, it is seen that they are largely wanting or 
very inconspicuous among the fault slices along the margins.' But 
farther from the margins, in the heart of the deformed belt, Caledo- 
nian plutonic rocks are abundant and a very characteristic feature. 

The interpretation of the Appalachian folded belt is more difficult 
owing to the fact that the eastern portion is complicated by Ordovi- 
cide, Devonide, and even pre-Cambrian deformations, in addition to 
the work of the general Appalachian revolution at the close of the 
Paleozoic. The western half is overturned toward the west with 
southeasterly-dipping fault planes and axial planes of folding. 
Boundary-fault phenomena are well displayed along many hundred 

* Jour. of Geol., Vol. XXIX (1921), pp. 168-71. 
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miles of the western border. In the eastern half the rocks have un- 
dergone much greater metamorphic changes and their structures are 
more complex, partly owing to more intense compression near the 
continental border in the Appalachian revolution and partly to the 
complicating results of earlier periods of deformation. But although 
local irregularities obscure the larger dominant structures to a con- 
siderable extent, a regional dip of the schistosity, axial planes of the 
folds, and related structures toward the northwest seems to prevail. 
Unfortunately only a part of the eastern wing of the whole Appala- 
chian wedge is accessible to study. The eastern border lies beyond 
the present shore-line on the continental shelf, which here has a 
breadth of from 1oo to more than 200 miles. While we cannot be 
certain of the symmetry, enough of the eastern wing is visible to 
show that the complete Appalachian system is a two-sided orogeny. 

Though the whole belt is not available for study, the heart and 
western wing at least are well adapted to show the distribution of 
intrusions. As is well known, the western portion, comprising the 
present Appalachian Mountains, was almost entirely free from igne- 
ous intrusions contemporaneous with the folding. In this respect it 
was like the Scottish and Scandinavian borders of the Caledonian 
wedge. On the other hand, the central portion of the Appalachian 
deformed belt, like the Caledonian wedge, was characterized by nu- 
merous ljarge batholithic intrusions which came in during the Ap- 
palachian revolution. These are well shown as post-Carboniferous 
granites on Keith’s map of the Appalachian region.' They are seen 
to be scattered, elongate bodies whose longest dimensions are nearly 
all parallel with the tectonic trend lines and the margin of the con- 
tinental shelf. Owing to inadequate data we cannot be sure that the 
eastern border of the deformed belt was free from large Permide 
intrusions, but Keith’s map (particularly of the Southern Appa- 
lachians) indicates a pronounced decrease in number and size of in- 
trusions eastward from the central portion of the belt. 

Study of many other mountain systems of the globe shows that 
bulky igneous intrusions, particularly of light, acidic magmas, have 
commonly entered the middle portions of strongly folded mountain 


* Arthur Keith, “Outlines of Appalachian Structure,” Bull. Geol. Soc. Amer., Vol. 
XXXIV (1923), Plate 4, opposite p. 309. 
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systems, but that they have not commonly penetrated the belts of 
strong overthrusting on the borders of these ranges (Fig. 19). This 
appears to be a general principle. Let us look into‘its significance. 

We will start with two basal propositions: first, that the belts of 
strong folding have resulted primarily from regional lateral compres- 
sive stresses and represent crustal shortening; second, that the prin- 
cipal igneous masses were intruded while the folding and faulting 
were still actively in progress.’ 














Fic. 19.—Typical mountain block with intrusions. Erosion has not yet uncovered 
the batholiths whose upper surfaces are indicated by the shaded areas. The spreading 
batholiths here represented diagrammatically are probably too large and too few. For 
the sake of simplicity, the feeding dikes are shown only in two dimensions. No attempt 
is made to represent folding below the surface. The third dimension was kindly drawn 


by J. R. Van Pelt. 


These assumptions require that the magmas migrate into and 
in the folded shell along the lines of easiest yield existing during the 
deforming process. What are the lines of least resistance during 
mountain-building deformation which will afford pathways for in- 
truding magmas? Clearly superficial fault planes, which do not ex- 
tend far below the surface, can afford pathways only when the mag- 
ma reaches their lower limits through other means. The experiments 
have abundantly confirmed this. The scarcity of large intrusions 
among the shallow overthrust flakes near the outer borders of oro- 
genic wedges is probably due in part to the shallowness of the fault 

* Space will not permit discussion of the reverse proposition that the batholiths 
have been the cause of the folding, as urged by Keith. Some of the difficulties facing 
that hypothesis have been outlined in Jour. of Geol., Vol. XX XIII (i925), pp. 788-92. 
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planes and deformed structures near the margins, which as a rule 
are not reached by the magmas, and in part to the strong horizontal 
compression which keeps inclined fractures near the surface tightly 
closed and effectively sealed. 

In the central portions of the deformed belts, however, the active 
deformation extends to much greater depths, and so is much more 
likely to be in contact with magmas and to be in a position to influ- 
ence their movement. In addition, lifting of the surface shell on the 
arch principle is more effective in the middle portion than on the 
flanks. This serves the double function of slight release of pressure, 
favoring liquefaction, and of co-operation in opening up space for 
advancing magma. If some of the solid rock material deep down in 
the vicinity of the orogenic roots is close to the transition from the 
solid to the liquid state, the new condition, involving slight relief of 
pressure, may be sufficient to convert such potentially liquid ma- 
terial into actual liquid magma. For these reasons the deep root- 
portion of the orogenic wedge is the portion first affected by the 
magmas. To what extent magma is already present in the deep root- 
region when the deformation commences and so is ready to aid the 
deformative process; to what extent it is developed there in conse- 
quence of the deformation; and to what extent it enters the deformed 
mass from below in consequence of the deformation is, however, be- 
yond this study. Either actual or potential magma may be the im- 
mediate source of supply. 

Given magma in the deep root-portion, its further movement be- 
comes essentially a matter of lines of least resistance. These are de- 
termined by a combination of solid tectonics and liquid tectonics. 
The liquid tectonics, free from outside complicating forces, have been 
illustrated by the experiments of the junior author. The magma, by 
its own force of intrusion, should progress toward the surface along 
inclined planes. In the experiments these inclined planes diverged 
upward. There is every reason to believe that they would behave 
similarly in nature. Where conditions favored, the magma in addi- 
tion spread out locally in more or less horizontal sheets as sills or 
laccolithic bodies. 

In mountain building this relatively simple behavior is compli- 
cated by the strong lateral compressive stresses which produce the 








e 











THEORY OF LATERALLY SPREADING BATHOLITHS 349 


folding. Where the deformed mountain mass assumes the general 
wedge shape, the mountain-building forces should cause yielding 
along lines in general harmony with those which would normally be 
developed by the force of the intrusion alone. This will be evident 
when it is noted that the wedge shape is the characteristic form both 
for mountain deformation under horizontal compressive stress,' and 
for the block outlined by intrusions forced upward from below solely 
by the force of the liquid itself (Fig. 2). A diagonal outflaring of the 
liquid intrusions as they progress toward the surface would seem to 
be the inevitable result. 

Within the wedge-shaped mass there is much internal deforma- 

tion by the horizontal mountain-building stresses. This includes 
shearing of large masses, slippage between layers in folding, and the 
general tendency to arch up the middle portions of the deformed belt. 
lhe importance of these movements would seemingly be great. The 
general tendency to lift thin portions of the surface shell, in conjunc- 
tion with horizontal shear, would co-operate with the magma both 
in raising the roof and in directing the lateral spread of the magma. 
The up-arching, with the production beneath of potential cavities to 
be developed and occupied by the magma, is particularly character- 
istic of the middle portions of the deformed belt. It is in these situa- 
tions that one should expect to find to a much greater degree in 
mountain belts than in experiments without lateral mountain-build- 
ing stresses, the development of large, flattish intrusions. The batho- 
liths, so commonly found as “central cores” in strongly folded moun- 
tain ranges, are here interpreted as such masses. 

If this analysis be correct, the large plutonic masses found in the 
central portions of deeply eroded mountain chains, and generally 
called batholiths, should be sheetlike masses of no great vertical 
thickness, but much spread out laterally. Some should be tack- 
shaped, some sheetlike, and others tonguelike, depending upon local 
conditions. The commonly pictured batholith, becoming larger be- 
low and extending down indefinitely, seems to be at variance with 
these principles. 

Under that time-honored conception it was always hard to un- 

t “The Wedge Theory of Diastrophism,” Jour. of Geol., Vol. XXXIII (1925), pp. 


755-92. 
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derstand why such enormous masses so commonly made their way 
so close to the surface and yet almost invariably stopped short of the 
surface by a very few thousand feet. Practically all of the batholiths 
of which we have knowledge remained roofed-over till erosion ex- 
posed them after solidification. Even over some of the very large 
batholiths the roofs were extremely thin. If the great intruding mass 
of magma postulated made room for itself all the way up from the 
depths by overhead stoping, it is strange that a very thin roof 
should have successfully resisted its attack so as to be left as a prev- 
alent feature. It would seem on the law of chance that, in the 
great majority of cases, the roof also would have been engulfed. 

The batholith roof is a critical feature in the problem. To this 
the experiments contribute notably. In the different experiments 
with varying conditions, one of the striking observations was that 
the injected liquid did not break through to the surface within the 
area of doming which developed directly over the place of intrusion. 
Surficial tension cracks developed there in abundance, but they were 
relatively shallow, and closed below, so that the liquid did not have 
access to them. Whenever the liquid did reach the surface, it burst 
forth to one side of the dome. In many cases the layers at moderate 
depths below the surfaces of the domes were entirely unbroken, even 
though the liquid poured out on the surface beyond the margins of 
the domes. The easiest ways to the surface are therefore not straight 
up, but along inclined planes. In these experiments there was little 
or no stoping and, under these conditions, the integrity of the roof 
was maintained. 

In the natural case, another important factor in keeping the roof 
tight against intrusions is the horizontal mountain-building com- 
pression, which keeps any avenues of escape to the surface closely 
sealed. Contemporaneous volcanoes and lava flows are not abundant 
in belts of strong compression. They appear outside, or else later, 
when relaxation has replaced compression. Of like import is 
the scarcity of contemporaneous intrusions among the marginal 
overthrust slices of the orogenic wedge, even though the rocks there 
have been extensively faulted. 

Thus the roof is maintained and the magmas spread laterally in 
thin sheets beneath it. A certain amount of overhead stoping is to 
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be expected, but the thin lenses, sheets, and tongues in this analysis 
progress more sideways than upward, and involve much less magma 
than the pictured batholiths of the stoping theory. The direct attack 
on the roof by these sheets of magma is only moderate, and, because 
of their lesser volume and lenselike shape, they do not greatly jeop- 
ardize the integrity of the overlying cover. 

These intrusions in some cases are insinuated along lines of weak- 
ness already existent, such as planes of bedding, jointing, or schis- 
tosity,’ while in others fractures along which the magma advances 
are developed pari pasu with the intrusions and cut across the older 
structural lines in complete disregard of them.? The detailed local 
behavior is obviously controlled by the local conditions. 

Whether tacklike, sheetlike, and tonguelike masses, of the sorts 
here considered, should be called batholiths is a question which will 
occur to many. Such masses are not sills nor laccoliths in the proper 
sense of these terms, for many of them are not insinuated between 
layers, but cut across the older rock structures. On the other hand, 
they are the masses for which the term “batholith” was designed. 
According to Hatch, the term “batholith” “was introduced by Suess 
to connote the major, deep-seated intrusive masses of very large size, 
occurring typically in great mountain ranges.’’? Their shape was not 
involved in the definition. The prevailing notions of their shape and 
persistence with depth have been grafted on in accordance with pre- 
conceived ideas of the condition of the interior of the earth. They 
seem to have been added on faulty premises. It was to these masses 
that the name “batholith”’ was given by its author, and it was appro- 
priately applied, for these masses are the most deep-seated intrusives 
now accessible. The original definition needs no modification, mere- 
ly some of the notions and interpretations which have grown up as 
accessories around these intrusions. Why should we not, therefore, 
continue to call these masses batholiths as they have been through- 
out geologic literature? A sharpening of concepts naturally goes with 
increasing knowledge. 

t Robert Balk, ““A Contribution to the Structural Relations of the Granitic In- 
trusions of Bethel, Barre, and Woodbury, Vermont,” Fifteenth Biennial Report, Vermont 


2 See pp. 322-23. 3 Op. cil., p. 9. 
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Some batholiths, such as those in the Mount Whitney region of 
the Sierra Nevada and the Mount Logan region of the northern 
Coast Range of Alaska and Yukon Territory, actually display verti- 
cal thicknesses of many thousands of feet, if it be true that each of 
these great masses of granodiorite represents only a single batholith. 
They may perhaps be composite. But whatever thicknesses are ac- 


tually observed in single intrusions must be accepted. The wonder 
is that they are as thick as they are, rather than that their great 
visible thicknesses imply still greater vertical extent over large areas. 
Safe practice calls for limiting batholiths to such depths as are ac- 
tually observed in the field, or are required by a conservative inter- 


pretation of field evidence. 

















ON THE ASSOCIATION OF FAULTING WITH 
DIKE INTRUSION 


PEARL G. SHELDON 
Cornell University 
\BSTRACT 
\ structural study of some of the kimberlite dikes near the head of Cayuga Lake, 
New York, has shown a close relationship between the intrusion of the dikes and the 


tress at fault planes. In one case, the pattern of a group of dikes crossed by a fault 
gests that tension, resulting from fault stresses, tended to open joint fractures and 


sugg 
thus facilitate the entrance of dike stringers. Similar tension patterns have been ob- 
tained experimentally. In another case, fault stresses caused a constriction in a dike 
\bove and below the constriction the magma removed the country rock for the entire 
width of the dike by mechanical stoping. Other structural features tended to show that 
diastrophic forces were active when the dikes were intruded. 


INTRODUCTION 

One of the remarkable features of the kimberlite dikes of central 
New York is the great vertical range of such narrow intrusions. 
These dikes probably do not average more than a foot in width at 
their outcrops, yet they have come up from an unknown depth 
through great thicknesses of Paleozoic sediments. Salt wells and 
shafts in the immediate vicinity of some of these dikes pass through 
2,000 feet of sedimentary rock to reach the Salina beds, but they 
have not encountered any large igneous masses. Many of the dikes 
are mere stringers an inch or two in width, yet some of these stringers 
are known to have a height of at least 200 or 300 feet. 

As it is difficult to explain how such narrow intrusions could 
make their own way so far through the rocks before cooling, it has 
sometimes been suggested that fault action facilitated intrusion. 
During the course of studies of the structural geology around the 
head of Cayuga Lake, particularly studies of the joint planes and 
low-angle faults, a considerable amount of evidence has been found 
connecting the intrusion of the dikes with the general diastrophism 
in this vicinity, and also with specific cases of fault action. Data 
were also obtained on some of the methods of dike intrusion, includ- 


ing stoping and tension effects. 
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All of the dikes discussed here outcrop within an area of 75 
square miles around the southern end of Cayuga Lake. Details con- 
cerning these outcrops have been given elsewhere.' 

JOINTING 

All of the known dikes in this district follow the north-south or 
dip joints. These joints are believed to have been produced by 
diastrophic forces active during the Appalachian revolution.? This 
sets the lower limit for the date of the intrusion. The presence of 
these fractures in the rock and the character of the fractures evi- 
dently influenced the manner of intrusion of the magma as well as 
the path of the intrusions. 

CONTACT JOINTING 

In the country rock on each side of many of these dikes is a zone 
of contact jointing. These zones are each of about the same width 
as the dike itself. They consist of well-developed joints parallel to 
the dike walls. The joints are spaced from a fraction of an inch toa 
few inches apart and are so regular that few of them intersect. 
Figure 1 shows a vertical section of these joints at the Willard 
Straight Hall dike. At this outcrop the joints averaged about two 
inches apart. A curious example of contact jointing was found be- 
side one of the Taughannock dikes. The dike is only about an inch 
wide and the jointed zone is equally narrow, yet the zone is as char- 
acteristically developed as in the case of the larger dikes. The tiny, 
well-defined joints are only a small fraction of an inch apart. 


INTERPRETATION OF THE CONTACT JOINTS 


One of the conclusions reached as a result of studies of the joint 
planes of this district is that the dip joints were formed more readily 
where there was a small or diminished lateral pressure at right 
angles to these joints. This may explain the origin of the contact 
joints. As the dikes follow dip joints, and the contact joints are 

tJ. H. C. Martens, “Igneous Rocks of Ithaca, New York, and Vicinity,” Budll. 
Geol. Soc. Am., Vol. XX XV (1924), pp. 305—20; P. Sheldon, “Significant Characteristics 
of Glacial Erosion as Illustrated by an Erosion Channel,” Jour. Geol., Vol. XXXIV 


1926), pp. 257 


P. Sheldon, “Some Observations and Experiments on Joint Planes,” Jour. Geol., 


Vol. XX (1912 PP. 53-79, 104 
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parallel to the dike walls, the contact joints are in the usual position 
for dip joints. As the dikes cooled, they contracted, decreasing the 
lateral pressure in the wall rock. If the regional stresses capable 
of producing dip joints were still active when the dikes were in- 
truded, there would be a tendency for dip joints to form as far out- 
ward from the dike as the influence of the shrinkage was effective. 
On the other hand, these joints may be used to date the intrusion 





Fic. 1.—Vertical section of the contact joints on each side of a dike. The hammer 
marks the contact between the top of the dike and the overlying glacial till. The photo- 
graph was taken from above, looking down toward one wall of a deep ditch. The joints 
at the right were as sharply cut as those at the center, but they did not photograph 
well at an angle. 


and to show an association between dike intrusion and diastrophic 
forces. If this is the true explanation of the origin of the contact 
joints, the dikes were intruded after the ordinary dip joints were 
formed but before the stresses capable of producing more joints died 
out. 

Not all the dikes of this district show contact joints or other 
joints that occur within the dike material. The Portland dike out- 
crop, described later, showed neither. This may have been due to 
the fact that there was fault pressure across this dike. This would 
tend to counteract the decrease in lateral pressure due to shrinkage 
of the dike. 
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DIKE JOINTS 

Often joints are found within the dike itself. The most abund- 
ant of these are vertical joints parallel to the dike walls. In the 
Straight Hall dike these averaged about half an inch apart. In some 
of the dikes there are three sets of joints, arranged roughly at right 
angles to each other. Besides the vertical lengthwise joints there are 
vertical crosswise joints. The joints of the third set make a moder- 
ate angle, perhaps 20°, with the horizontal. The joints of this last 
set are usually a few inches or more apart. Individual joints of 
the crosswise vertical set may be strongly developed, but they are 
the least frequent of the three sets. These joints are from one to 
several feet apart. 

The positions and comparative abundance of the joints of these 
different sets show that not all of these joints could have been due 
to shrinkage alone. Probably the forces which supplemented shrink- 
age to produce these sets were regional forces associated with the 
diastrophism. It is probable that the vertical lengthwise joints had 
an origin similar to that of the contact joints. As the dike con- 
tracted, there was relief of crosswise pressure within the dike as well 
as in the wall rock. The crosswise vertical joints may have been due 
primarily to shrinkage, but their comparative infrequency shows 
that other factors must have been present at the time. 

The abundant lengthwise vertical joints were formed after the 
oblique, nearly horizontal joints. This was proved by the fact that 
these vertical joints were discontinuous at the oblique joints. The 
time interval between the two sets may not have been long, but at 
least they were not formed simultaneously. 

FAULTING 

The most abundant faults in the district around the head of 
Cayuga Lake are horizontal or low-angle faults. Their displacement 
in most cases is less than one foot. A number of these are often seen 
in the height of a single cliff. Their exact origin is uncertain. Pos- 
sibly they are due to the wrenching action accompanying the 
differential movement of beds in the formation of concentric folds, 
or the differential movement between the strong and weak beds in 
similar folds. They are not controlled by weakness at the bedding 
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planes. They are often found near the contact between strong and ; 
weak beds; but in that case they usually occur in the weak beds, a 
short distance above the contact. 
There seems to be no reason to question the generally accepted 
theory that the low folds of this region were formed during the Ap- 
palachian revolution. It is practically certain that this system of 
faults was formed at the same time. There has been no other 
diastrophism here of sufficient strength to have produced them, and 
there is circumstantial evidence that individual faults vary with the 
folds. It is true that there are horizontal displacements in this dis- 
trict due to such minor causes as glacial action and spreading of the ’ 
rock into post-glacial gorges, but all of the low-angle faults described 
in this paper are of a type that must have been formed during active 
earth movements. 


PORTLAND QUARRY DIKE 


An example of the association of faulting with dike intrusion 
was exposed at one time in the cement rock quarry at Portland 
Point. A constriction in this dike appeared to be due to the activity 
of two horizontal faults. The exposure was in the Tully limestone, 
a bed of strong, massive rock about 20 feet thick at this place. Figure 
2 shows the entire height of the limestone. The upper fault, marked 
by the upper row of crosses, was not strongly developed at this 
point; but the lower fault, marked by the pairs of crosses, was a 
well-developed zone from a few inches to 2 feet wide. It contained 
slickensided fragments. 

The direction of thrust was nearly parallel to the joint face in 
sunlight at the center of Figure 2, but it had a small horizontal com- 
ponent from the left toward the right. A block of limestone at the 
right of this joint evidently resisted the fault action, and the 
fault zone spread against the joint face, as shown by the wide sepa- 
ration of the lower crosses at the left of the dike. Apparently it was 
this compression from the left against the resistant joint face that 
prevented the dike from spreading to its normal width in its pas- 
sage upward through the limestone. If this is the explanation of 
the constriction, it follows that the dike was intruded at the time 
the faults were active. It is evident that it was not intruded at a 
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later date because after the fault relaxed the broken fault zone 
would offer less than ordinary resistance to the spread of the intru- 
sion. The fact that the dike narrowed suddenly just as it entered the 
lower fault zone and widened again just above the upper fault seems 
to show that the faults were active when the intrusion took place. 





Fic. 2.—Cross-section of a dike passing through a bed of limestone. The dike is 
outlined by dashes. The constriction in the dike appears to be due to the activity of 
two horizontal faults. The faults are marked by crosses. 


Slickensides on vertical faces on and within the dike material 
showed that the line of the dike continued to be a line of weakness 
for some time after the dike hardened. Joint faces covered with 
slickensides are common at the Portland quarry. The striae are 
horizontal. The joint face at the center of Figure 2 was a mass of 
slickensides. Their pattern showed that the displacement was not 
more than a few inches and probably was still less than that. In this 
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district there seem to have been a multitude of small movements 
rather than a few large movements. Probably much of the move- 
ment along the vertical faces took place at the same time as the 
movement along the horizontal faults. The joints and faults di- 
vided the rock into blocks somewhat like a stone wall, and any 
relative movement of those blocks would cause displacement in two 
planes at the same time. 
STOPING 

The irregularity of the Portland quarry dike section made it 
possible to determine how the dike made a space for itself. There 
are several possibilities. There may have been separation of the 
walls of a fracture, or the magma may have removed the limestone 
in this space without altering the position of the walls. In the former 
case the walls may have been separated by being pushed apart 
laterally along fault planes or by being bent around the intrusion. It 
was found that the position of the walls had not been altered ap- 
preciably. 

Figure 3 is a drawing based on Figure 2. It shows the relation of 
the dike to some of the joint planes. The joints were parallel to 
each other and only slightly distorted by fault action. They did not 
bend around the ends of the intrusion. Neither were the walls of a 
fracture spread apart by movement along fault planes. The various 
joints overlapped so that sidewise movement at any height in the 
section would have displaced some of them. A careful inspection 
in the field showed that the joint planes had not been displaced 
appreciably to the right or left, even where they crossed known faults. 
As already stated, the component of fault thrust across the joints 
met resistance there. Also, small slickensides in the block between 
the joints fg and 7k proved that the movement was parallel to the 
joints, not across them. 

As the complete system of overlapping joints showed that the 
rock had not been pushed or bent apart, it is evident that the walls 
stood in practically the same positions as before the dike entered. 
Consequently, the magma must have made a place for itself by 
removing the limestone that formerly occupied the space. The meth- 
od of removal of the limestone apparently was some form of me- 
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chanical stoping by the magma." Apparently rock was removed in 


blocks bounded by joint planes wherever possible. Examples are at 











Fic. 3.—Sketch of the Port 
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“On 


h and i. At c a blunt portion of the intru- 
sion had been forced a few inches upward 
into a joint. If this action had continued, 
it might have pried out a section of the 
rock. 

The vertical range of the exposure was 
not great enough to show whether stop- 
ing was the rule or whether it only took 
place there because of a local obstruction. 
As the intrusion encountered resistance it 
may have attempted to stope its way 
through, even though it had not done so 
in other parts of its ascent. 


WILLARD STRAIGHT HALL DIKE 


Che top of the Willard Straight Hall 
dike was weathered to residual clay, but 
at the base of the section there was a 
small exposure of unusually fresh kimber- 
lite. Bordering the side of the dike, be- 
tween this fresh rock and the country 
rock, was a zone about an inch wide, con- 
sisting of polished and weathered frag- 
ments of kimberlite. This appeared to be 
a vertical fault zone. The movement may 
have taken place because of expansion 
as the dike weathered, but it seems more 
probable that this was a fault similar to 
the vertical faults at the Portland quarry 
dike and that it was due to diastrophic 


forces. 


the Mechanics of Dike Intrusion,” Jour. Geol , Vol. XXXITI 
Richardson, ‘““The Problem of Batholithic Intrusion,” Geol. 
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TENSION EFFECTS 

When two parallel forces act in opposite directions, as in a couple, 
there is tension between the forward ends of the forces and com- 
pression between the other ends. This principle is illustrated in 
W. J. Mead’s experiments with stretched rubber." The distribution 
of the tension and compression areas may explain the curious ar- 
rangement of a group of dikes that outcrop near Ludlowville. Ten- 
sion and compression accompanying rock movements may also 
explain the appearance of the section where another group of dike 
stringers outcrops at Taughannock Falls. Both outcrops are in in- 


competent fissile Genesee shales. 


LUDLOWVILLE DIKES 

In a ravine near Ludlowville there is a group of dikes arranged 
as in Figure 4.2 The most westerly of the dikes is about half a foot 
wide and is the largest of the group. It pinches out near the fault 
line. One of the easterly dikes widens upward. The remaining 
dike stringers widen toward the fault line. The displacement on 
each side of the fault line is toward the dikes that widen away from 
the fault line. 

The amount of dike material visible at the different levels of 
the section is fairly constant, but it is distributed differently. It 
looks as if all the material came up in the large dike at the lower 
right, but this dike was squeezed out by compression near the fault 
line. The magma then made its way through the fault zone by a 
series of narrow intrusions, working over toward the left, in the 
direction of movement of the upper beds. The dike that widens 
upward suggests that above the fault zone the dike material was 
again collecting into a single dike. 

As displacement took place after the dikes were intruded, this 
arrangement of the dikes is not due to the mere presence of an old 
fault no longer active when the dikes entered. This fixes the date 

« W. J. Mead, “Notes on the Mechanics of Geologic Structures,” Jour. Geol., Vol. 
XXVIII (1920), pp. 505-23. 

? This drawing is diagrammatic. It is based on a sketch in field notes, but detailed 


were not made. 





measurements 
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of these intrusions and also shows an association between dike in- 
trusion and faulting. Unless the location of this fault across an 
unusual section of the dikes was an accident, this outcrop is proof 
that the dikes entered while stress existed at the fault zone. This 
stress modified the passage of the magma at this point. Continued 
stress later broke and displaced the dikes at the fault line. 











| | 





Fic. 4.—Sketch of a group of dikes intersected by a horizontal fault. The larger 
dikes widen away from the fault line. The smaller dikes are short and widen toward the 
fault line. The displacement of the rock on either side of the fault line is toward the 
larger dikes 

EXPERIMENTAL WORK 

Experiments were performed with apparatus patterned after the 
instrument shown in Figure 4 of W. J. Mead’s paper. In such ex- 
periments a rectangular sheet of rubber is coated with paraffin and 
then the rubber is deformed toa rhomboidal form by moving one of 
the clamped ends. If the paraffin is brittle a regular system of cracks 
should develop. There should be shearing along lines parallel to the 
moving end and at right angles to the ends. Tension cracks should 
form at an angle of 45° with the ends and be arranged to relieve the 
stretching along the longer diagonal of the rhomboid as shown in 
Figure 6. 

In the present case the experimental conditions were modified 
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to conform to field conditions, and the results were very close to the 
patterns found in the field. As joint planes were present in the 
rocks before the dikes were intruded, grooves representing joints 
were cut through the paraffin before it hardened. These are shown 
in Figure 6. During deformation the tension was relieved chiefly 
by spreading along these pre-existing cracks, although new cracks 
developed if the paraffin was too brittle. The joint cracks spread in 
two corners of the rhomboid and were compressed in the other two. 


| | | 
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Fic. 5.—Sketch showing the results of experiments with stretched rubber. The 
rubber was deformed to a rhomboidal shape and then coated with paraflin. After 
grooves had been made in the paraffin, the rubber was drawn back to a rectangular 
form. The grooves parallel to the direction of motion spread in two corners of the sheet. 
In the other two corners there was compression. The displacement along the fault- 
grooves was such that the outer margins of the sheet moved toward the tension corners. 
Compare with Figure 4 
The lines were often curved near the free margins of the rubber. 
The results were similar to tension on the upper side of anticlines and 
under side of synclines. 

Figure 5 shows the results when two sets of grooves were used. 
The fault grooves were cut parallel to the free margins of the rubber. 
Theoretically there should be fault displacement parallel to the 
arrows as well as at right angles to them. Actually, the movement 
along the horizontal grooves dominated any tendency toward move- 
ment across them. Probably this was due to the fact that the ends 
of the rubber were held in clamps and were not free to stretch and 
compress like the free edges. For comparison with Figure 4 these 
experiments were performed in reverse order, starting with the 
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rhomboidal form and ending with the rectangle, but the principles 
were the same in both cases. The joints in the tension corners usu- 
ally widened outward, but sometimes they widened toward the 
fault line like the small dikes in Figure 4. This was due to strips of 
the paraffin becoming loosened from the rubber and straightening 
by slipping at the fault line. In the compression corners the strips 
of paraffin frequently overrode each other if the material was brittle, 
or the lines became curved if it was not brittle. The fault displace- 

ment was such that the outer margins 
] moved toward the tension corners. 







| This pattern corresponds in detail 
| with the pattern of the Ludlowville 
| dikes. The dikes spread away from the 


| fault in two corners of the section and 





pinch out in the compression corners. 
The displacement on each side of the 
Fr Sketch showing the !@ult is toward the tension corners. 
preading of pre-existing cracks This shows that a pattern similar to the 
hen rubber coated with parafiin 


dike pattern can be produced experi- 
was deformed from a rectangular R ; , 

to a rhomboidal form. The ten- mentally by fault-forming stresses act- 
em Cue Warn imilar to ‘en- ing on material containing pre-existing 
wn on the tops ol antici es 


cracks. Similar stresses in the rocks 
would open or tend to open joint planes suitably placed. Magma 
entering while the fault stresses existed would find a diminished 
resistance at these places. This may explain how the long, narrow, 
dike stringers of this district were able to penetrate the rocks. 

As compression played an important part in the experimental 
patterns, it is probable that similar patterns would be more common 
in incompetent rocks. In the experiments, the results were most 
nearly like the field sections when the forces used were parallel to 
the joint cracks and were vertical. This may have been due to the 
limitations of the apparatus, but it suggests the importance of the 


vertical component of pressure in incompetent rocks. 


rTAUGHANNOCK DIKES 


\t Taughannock Falls is another group of dike stringers. These 
also are associated with horizontal faults. The lower 100 feet of the 
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cliff, as exposed behind the waterfall, is cut by an evenly-spaced 
series of faults. The dikes, which are at one side of the fall, disappear 
under talus so that only the uppermost faults are visible where they 
cross the dikes. The dikes are displaced by these faults. The joint 
planes in the upper part of the cliff are practically vertical; but as 
they descend into the zone of horizontal faulting, the hade of those 
surrounding the dikes gradually increases until, where they are lost 
in the talus, they make an angle of about thirty degrees with the 
' vertical. This closely resembles the curving of the joints produced 





in the experiments, as in the lower left corner of Figure 5. There is 

an important difference between these curves and drag, which they 

resemble superficially. They point forward, in the direction of dis- 
' placement, instead of lagging behind. 
Unfortunately, the way in which the dikes vary below the faults 
cannot be traced here, as at Ludlowville, since none of the section 
below the faults is exposed. The section at Taughannock Falls is on 
a very much larger scale than at Ludlowville. The fault zone is 100 
feet thick and the dike stringers must have a vertical length of at 


' least 200 feet. The faults are in the weak Genesee shales, between 





the stronger Portage sandy shales, which form the top of the cliff, 
and the very strong Tully limestone, which lies just beneath the 
visible section. It is probable that the marked changes in rock 
strength are responsible for the excessive faulting and that fault 
stresses are, in turn, responsible for the remarkable dike stringers. 
AGE OF THE DIKES 

It seems certain that the dikes were intruded during the Ap- 
palachian revolution. They are not older than upper Devonian, 
since they penetrate rocks of that period. They are not older than 
the dip joints in which they occur. They are not younger than the 
end of the faulting. There is no absolute evidence of the exact age 
of either the joint planes or the faults, but there is good circum- 
stantial evidence, of various kinds, that both were formed during 
the Appalachian revolution. 

At both Taughannock Falls and Ludlowville, dike stringers are 
cut and displaced by horizontal faults. At the Portland quarry 
and the Straight Hall dike, faulting along vertical planes has taken 
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place since the dikes hardened. The movement at Taughannock 
Falls which tilted the joints to an angle of 30° is very unusual in this 
district and could hardly have taken place at any time of less ac- 
tivity than the Appalachian revolution. As the dikes were already 
in the joint planes, they must have been intruded before or during 
this maximum movement. Both at the Portland quarry and at 
Ludlowville there is evidence that stress existed at horizontal faults 
at the time the dikes were entering. If the explanation that has been 
given of the origin of the contact joints and joints within the dikes 
is correct, the dikes must have been intruded while the normal 
joint-producing forces were still in existence. 

Detailed studies of the joint planes, faults, and dikes of this 
district have led to the conclusion that events occurred as follows. 
Fault stresses continued over a long time. Stresses may have ex- 
isted at a given fault plane for some time before slipping took 
place. There may have been repeated slips at a single plane, as in 
modern earthquake zones; or new faults may have been formed by 
the continued stresses. Fault stresses began early in the Appalachian 
revolution and continued until after the joint planes and dikes were 
formed. The joint planes were formed early in this time. The dikes 
were intruded later, possibly at the climax of activity, but still before 
the end of the fault movements. 


FAULTING AND DIKE INTRUSION 


In all the cases described, there are faults within or across the 
dikes. Most of these faults must have been formed during the same 
period in which the dikes were intruded, and in two cases there is 
evidence that the dikes were intruded while stress existed at the 
fault planes. This evidence that the intrusions were contempo- 
raneous with the faulting is not, however, sufficient to prove that 
faulting was an active aid to intrusion. On the contrary, in one case, 
at the Portland quarry, faulting hindered the intrusion and the 
magma made its way through by mechanical stoping. But in the 
Ludlowville case, fault-forming stresses probably aided intrusion 
by opening up the joint planes or tending to open them. As the 
experiments show that, in incompetent materials containing pre- 
existent fractures, there is a tendency for these fractures to open in 
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some parts of the affected area and to close in others, when suitable 
forces are applied, and as the patterns produced experimentally are 
similar to the patterns found in incompetent rocks at Ludlowville 
and Taughannock Falls, there is a suggestion that the dikes may 
have come up primarily along paths where rock movements tended 


to produce such tension effects and thus ease the way. The dikes 


may have made their way through some of the compressed or neu- 
tral sections by stoping. 

Professor A. C. Gill and Professor C. M. Nevin have kindly 
given advice in the preparation of this paper. Olin G. Bell, who first 
observed the constriction in the Portland quarry dike, generously 


contributed his material on the subject. 











BLOCK-FAULTING IN THE ST. CROIX VALLEY 
EUNICE PETERSON 
University of Minnesota, Minneapolis, Minnesota 





ABSTRACT 
Che recent discovery of a block-fault with vertical displacement of several hundred 
feet in the rarely disturbed Paleozoic rocks of the Upper Mississippi Valley is reported, 
and the faulted area described. The age of the faulting is problematical. 


INTRODUCTION 

The Paleozoic formations of the Upper Mississippi Valley are 
relatively flat-lying sedimentary rocks, usually showing no evidence 
of earth movements since their deposition. Though deformation of 
the strata in this region is exceedingly rare, at least two instances of 
disturbance in Minnesota have been previously recorded,’ both of 
them from the vicinity of the St. Croix River. Near Hastings-on- 
the-Mississippi (Fig. 1) the relief of earth stresses is manifested by 
three faults involving Upper Cambrian sandstone and Lower Ordo- 
vician dolomite, in which the displacement is between 75 and 100 
feet. Sediments of the same age present a structural irregularity 
near Afton, which has been interpreted as a fold. 

Additional proof that post-Ordovician diastrophism has occurred 
in this region is furnished by the recent discovery of block-faulting 
in northern Washington County, Minnesota, in which the strata 
show a vertical displacement of over 400 feet. The faults are dis- 
closed in the small valleys of Fall and Davis creeks, tributaries to 
the St. Croix, near the drawbridge by which the Soo railroad crosses 
the St. Croix River between Minnesota and Wisconsin (Fig. 1). 
Outcrops of the country rock are present only where the St. Croix 
River, or its tributaries, have cut through the heavy mantle of gla- 
cial drift that covers this region, and have channeled into the under- 
lying rocks. 

* N. H. Winchell, “Geology of Minnesota,”’ Minnesota Geol. and Nat. Hist. Survey, 
Final Report, Vol. II (1882-85), pp. 382-86. 
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STRATIGRAPHY 
A composite section of the formations exposed in the St. Croix 


Valley, including those known only from the faulted area, follows: 


Pleistocene: Thickness 
(Feet) 


Late Wisconsin 


Morainic deposits. 100 
Illinoian 

Brownish-red to carmine red sandy drift 10 
Kansan(?) 

Dark grayish black, calcareous, clayey till 10 


Ordovician: 
Middle Ordovician: 
Decorah shale 
Green to bluish shales with thin beds of dark-blue crys 
talline, fossiliferous limestone . 60 
Platteville limestone 
Yellowish, massive to thin-bedded dendritic and fossilif- 
erous limestone. 30 
St. Peter sandstone 
Fine, white, friable sandstone 150 
Lower Ordovician: 
Shakopee dolomite 
Buff, massive, arenaceous dolomite 60 
New Richmond sandstone 
Coarse, brown sandstone I 
Oneota dolomite 
Pinkish-buff, massive dolomite with numerous quartz- 
lined geodes; conglomerate at the base ; 100 


Cambrian: 


St. Croixan: 
Jordan sandstone 
Massive white to brownish, fine to coarse sandstone; 


abundant Scolithus; a few fragments of trilobites; 


several conglomerate horizons 75 
St. Lawrence formation 
Green sands; blue and buff dolomitic and arenaceous 
shales; ash-gray shales; several fossiliferous horizons 30 
Franconia sandstone 
Brown to white, medium-grained, micaceous and fos- 
siliferous sandstone.. . “ate 30 


Dresbach sandstone and shales £ .. Unknown 
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The thicknesses here assigned to the formations from the Fran- 


conia through the New Richmond are those of measured sections in 


the undisturbed strata in the vicinity of the Soo drawbridge. The 


section measured just opposite the drawbridge and published in a 


recent paper by C. R. Stauffer' includes the only complete section 
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of Oneota dolomite, and the only 


New Richmond and Shakopee 


beds known to be present north 
of Stillwater. The St. Peter, 
Platteville, and Decorah forma- 
tions are present only in the 
fault block, and their outcrops 
are confined to the valleys of 
Fall The 


thicknesses given for them are 


Davis and creeks. 


their average thicknesses over 
southeastern Minnesota. The 
pre-Wisconsin Pleistocene de- 


posits follow the identification 
by R. ‘T. Chamberlin.’ 
DEFORMATION 

Along the St. Croix River, 

banks 


beds of its tributaries, the coun- 


and in the and stream 
try rock is well exposed. Since 
the 
heavily covered with glacial de- 


displaced sediments are 


posits, the faulting has little topographical expression in the present 


suriace 


There are at least three faults near the Soo drawbridge, 


two of them of sufficient magnitude to effect a contact between 


formations that are normally separated by several hundred feet of 


intervening strata; the third is a line of minor adjustment related 


to one of the major faults 


Fig. 2 
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n The west fault enters the area from the north with a trend 
In slightly west of south; but in Davis Creek Valley it curves, striking 
1€ southeast in such a manner that undoubtedly it intersects both ends 











ap showing the distribution of the country rock beneath the drift in the faulted area 

















of the apparently straight east fault. The fault is normal, with its 
downthrow side to the east. Outcrops in both Fall Creek and Davis 
Creek valleys show the vertical displacement to be between 400 and 
500 feet. In Fall Creek Valley, “ne th shale is faulted downward 
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against Franconia sandstone (Fig. 2) with a maximum displacement 
of 430 feet. In this valley both formations outcrop within 50 feet 
of each other, and although displaced considerably, the downthrown 
Decorah does not deviate perceptibly from the horizontal (Fig. 3). 
Between the two outcrops is a zone of typical fault breccia. This 
fault appears again in Davis Creek Valley, just opposite the Big 
Spring (Fig. 2) as an excellently exposed shear zone. Here the sand- 
stone and the overlying St. Lawrence shales are principally affected. 
A low southwesterly dip of the Cambrian sediments west of the 





soo’ — Dovis Creek Volley 


LEGEND 
Decorah (33) 
| 


] 
Picttevilie EP! y | 





ORDOVICIAN 


> 
St Peter [sP]| 
Shak opee | 
New chong OP} 
Oneota 
Jordan [er 
St Lowrence | 
Franconia Fr 


Dresboch [Sra } 


i 
. 
‘ 


CAMBRIAN 

















Scote 





Fic. 3.—Structure sections showing the large normal block-fault and subsidiary 


thrust fault in the area described in the text. 


fault is responsible for the presence of Franconia sandstone near the 
Big Spring, at a point 75 feet lower than that at which it is found 
on Fall Creek. Since a similar dip does not obtain on the down- 
thrown Ordovician strata, the Platteville is probably in contact 
with the Franconia in Davis Creek Valley (Fig. 3). 

The east fault, like the west fault, is of unknown extent. It also 
comes into the area from the drift-covered region to the north, 
strikes slightly east of south through the divide between Davis and 
Fall creeks, and again penetrates a bluff to the south only to be lost 
in the river. The fault is normal, with its downthrow side to the 
west. In Fall Creek Valley the Decorah shale is faulted down 
against the Oneota dolomite (Fig. 2). No definite fault plane or zone 
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is exposed, but the outcrops of the two formations are within 30 feet 
of each other. Near the fault plane the Oneota beds have been so 
deformed that an adjacent outcrop, forming a projecting rock ridge, 
shows the strata dipping east at an angle of 70 degrees. 

The east and west faults together outline a block of Middle 
Ordovician formations which are surrounded by Cambrian and basal 
Ordovician sediments (Fig. 2). The faulted block is represented only 
by the Decorah shale outcrops in Fall Creek Valley; while both 
Platteville limestone and St. Peter sandstone may be seen in the val- 
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Fic. 4.—Outcrop normal to the minor thrust fault, showing yield by fracture of the 
well-cemented Franconia sandstone, and crumpling of the less competent St. Lawrence 
hales. The outcrop is about 25 feet high. 


ley of Davis Creek at a lower elevation. Connected with the East 
fault is also a minor reverse fault in which the vertical displacement 
is only about 15 feet. An outcrop normal to the fault plane discloses 
St. Lawrence shales faulted against Franconia sandstone on Davis 
Creek near the water-tower (Figs. 2 and 4). 

The faulting was evidently attended by the formation of gentle 
flexures in the adjacent sediments. In the faulted area there has been 
a slight sagging of the beds, for the Dresbach is below the river level 
for several miles on either side of the area, and the Franconia and 
lower beds of the St. Lawrence are below at the point of greatest 
depression. It is significant that this point is contiguous with the 
fault block. 
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The movement in faulting was not confined to the relative de- 
pression of the block. A less effectual upward thrust has brought the 
Franconia and St. Lawrence formations to their abnormally high 
elevations west and south of the west fault (Fig. 2). These uplifted 
sediments dip 27 degrees to the southwest in Fall Creek; while in the 
three forks of Davis Creek the dip, which becomes more and more 
gentle, is only 6 degrees southwest. Outcrops farther down dip show 
that these formations have gradually resumed their horizontal 
attitude. 

The large vertical displacement in the faults at the Soo draw- 
bridge has preserved from erosion more recent formations than were 
hitherto known to exist in the valley of the St. Croix. The northern- 
most occurrence of Decorah shale previously recorded’ is at St. Paul, 
Minnesota. The presence of Decorah shale in northern Washington 
County thus extends the area of that formation some 25 miles to the 
north. 

AGE OF THE FAULTING 

It seems probable that the block-faulting in northern Washing- 
ton County was concomitant with the faulting near Hastings-on- 
the-Mississippi, and the folding near Afton; but the time at which it 
took place is largely problematical. Except for the fact that it must 
have been later than Decorah, as that is the youngest formation 
affected, and earlier than the Pleistocene deposits of the region, since 
they show no results of crustal disturbance, there is no evidence that 
would assist in determining the age of the faulting. The nearest 
structures involving Ordovician sediments, namely the LaSalle anti- 
cline in Illinois,? and the faults at Limestone Mountain in the 
Northern Peninsula of Michigan,’ are several hundred miles from 
the St. Croix Valley. The isolation of the Minnesota structures 
within so wide an area of apparently undeformed strata makes any 
attempt at correlation with other evidences of dynamic action im- 
practicable. 

*F. W. Sardeson, “Geologic Atlas of the U.S., Minneapolis-St. Paul Folio” 
No. 201), U.S. Geol. Survey (1916), p. 6. 

? Gilbert H. Cady, “The Structure of the LaSalle Anticline,” Illinois State Geol. 
Survey Bull. No. 36 (1920), pp. 88-179. 

} E. C. Case and W. I. Robinson, “The Geology of Limestone Mountain and Sher- 
man Hill, in Houghton County, Michigan,” Mich. Geol. and Biol. Survey, Publication 
18, Geol. Series 15 (1914), pp. 167-81. 











ed 
he 
re 


al 
V- 
re 


n- 


il, 


ie 














IRON SULPHIDE PSEUDOMORPHS OF PLANT 
STRUCTURES IN COAL 
G .M. SCHWARTZ 
University of Minnesota 


ABSTRACT 

Iron-sulphide concretions from the Illinois coal field in some cases show well- 
preserved plant structures which may be studied in detail by polishing and examina- 
tion with the reflecting microscope. 

Several specimens of iron-sulphide masses from coal beds have 
been contributed by students in the mineralographic laboratory of 
the University of Minnesota. The writer noted evidences of plant 
structure in some of these, and, on polishing fragments, found 
various cell and other plant structures perfectly preserved. In a re- 
cent paper Newhouse’ has noted this fact, but did not emphasize it. 
The structures observed by the writer are so well preserved that a 
paleobotanist should have no difficulty in recognizing them, and it 
is desired to call attention to the possibilities of this fossil record. 
The ease with which the specimens may be prepared for microscopic 
study makes the information more readily available than in the coal 
itself. The specimens are from the Illinois coal field, but no other 
information regarding them is available. 

Two of the specimens at hand are rounded concretionary masses 
of sulphide, two or three inches in diameter, and surrounded by 
slickensided coal. When broken these show only indistinct traces of 
organic structures, but on polishing, some of even the more massive 
portions reveal well-preserved plant structures of various types. 
Three photomicrographs of these are shown in Figure 1, 2, and 3. 
Figure 1 shows part of the vascular system in which the cells were 
filled with iron sulphide. Figure 2 shows this cell filling much better. 
Figure 3 shows the reverse and more common type, in which the cell 
walls are replaced by iron sulphide. In the pictures the dark areas 

* W. H. Newhouse, “Some Forms of Iron Sulphide Occurring in Coal and Other 
Sedimentary Rocks,” Journal of Geology, Vol. XXXV (1927), pp. 73-83. 
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Fic. 1.—Photomicrograph of a polished surface of an iron sulphide concretion 


in Illinois coal. Shows the vascular system of the plant preserved. Magnification, 





Fic. rom same concretion as Figure 1. Shows plant cell structure with the 


interior of the cell replaced by iron sulphide. Magnification, X30. 
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are holes on the polished surface, but are probably more or less 
filled with carbonaceous matter before polishing. A preliminary 
study of this material indicates rather definitely the remains of 
Lepidodendron and probably of the seed-fern type such as Lygino- 
dendron. 

Other specimens are flat, lenticular-shaped masses. These show, 
on polished surfaces, less well-preserved cell structures, but seem to 








1G. 3.—From concretion similar to that of Figure 1. The cell walls are replaced 
by iron sulphide, not the interior, as in Figure 2. Magnification, X15. 


be composed of great numbers of spores which have been flattened 
parallel to the bedding, and whose chitinous walls have been pre- 
served and replaced by iron sulphide. 

The iron sulphide appears to be mainly pyrite, and contrasts 
with specimens of known marcasite from coal beds. 

This brief study, made on material which happened to be at 
hand, indicates that it would be worth while for investigators work- 
ing in coal regions systematically to collect and examine micro- 
scopically the pyrite and marcasite inclusions in the coal beds. 
Paleobotanists may find new data from this source that will help 
to clear up uncertainties regarding the flora of the coal beds. 
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ALBERT JOHANNSEN 
University of Chicago 
TyrrELL, G. W. The Principles of Petrology. London: Methuen & 

Co., 1926. Pp. xii+349, figs. 78. 

As indicated by the title, this is a textbook of petrology rather than 
petrography, and the genesis of rocks is emphasized more than are 
descriptions. It is quite elementary, and covers much the same ground 
as the first part of Pirsson’s little book, though much more completely. 
Tyrrell’s book possesses one great advantage over the latter in having 
numerous footnote references to the sources of information. 

The first chapter gives a general introduction. Chapter ii deals with 
the “Forms and Structures of Igneous Rocks.” Under “forms” are de- 
scribed the modes of occurrence, as sills, flows, laccoliths, batholiths, etc., 
while under “structures” are included both structures and textures. The 
usage of the latter two terms is the same as modern usage in this country; 
structures referring to large-scale features, and textures to the mutual 
relations of the constituents. Under “Composition and Constitution of 
Magmas”’ there are briefly described the “Composition of Magmas,”’ 
“‘Pyrogenetic Minerals,” and the “Physico-chemical Constitution of Mag- 
mas.’ The statement on page 49 that “quartz is hardly ever found in the 
same igneous rock as leucite, nepheline, analcite, or olivine” is misleading, 
for while it does occur with olivine, mo authentic case of quartz and a 
feldspathoid occurring as primary constituents in the same rock has ever 
been brought forward. It is true that Viola thought he had nephelite 
and quartz together, but several later petrographers have been unable to 
detect it in material from the same locality. In the case of certain so-called 
quartz-leucite rocks, the quartz is secondary and the leucite entirely re- 
placed. On page 104 a statement similar to that on page 49 is made, but 
on page 107 it says correctly that “quartz does not occur along with 
feldspathoids.” 

The fourth chapter, on the ‘‘Formation of Igneous Rocks,” gives in 
twenty-two pages a brief yet good summary of the elementary physico- 
chemical principles relating to the crystallization of magmas. 

In chapter v, on ““Textures and Microstructures,” there are given good 
descriptions and illustrations of the principal textures. 
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The sixth chapter, on “Classifications of Igneous Rocks,’’ is very 
brief, since the books is petrologic and not petrographic. In the tabula- 
tion given on page 108, a few terms are used differently from the custom 
in this country; namely, “olivine-rich basalt” for the extrusive equivalent 
of peridotite, and “dolerite” for the hypabyssal rock we call diabase. 
Tonalite (p. 113) is considered a granodiorite rich in plagioclase, and the 
statement is made that “quartz diorites differ from the granodiorites in 
containing a much smaller amount of quartz, otherwise |the italics are 
mine] they are very similar to tonalites.” ‘“Paisani,’’ Texas (p. 114), 
should be “Paisano.”’ Nordmarkite, pulaskite, shonkinite, and many 
others are used as we use them, but dolerite is used with the British 
meaning. Diabase is used for altered rocks in the sense of the German 
petrographers. Tyrrell says the name “tends to become obsolete,” but 
that does not apply to its use in the United States, where the name is used 
exclusively in the sense of Zirkel (1866). 

The distinction between “andesite” and “basalt”’ is entirely different 
from our usage, which is based on the sodic or calcic character of the 
plagioclase. Tyrrell defines andesites as those lavas in which plagioclase 
is the predominant constituent (p. 126), and basalt (p. 128) as one in 
which the plagioclase and mafic minerals are in approximately equal 
amounts. Furthermore, the plagioclase in basalt, “while commonly 
labradorite,” is said to “range from oligoclase to anorthite.”” These dis- 
tinctions are said to be “in modern usage,” but certainly not in modern 
usage in this country except as loose field-terms. Loewinson-Lessing 
Mss. leon. Kom., Vol. XLIV [1925], p. 420) makes his separation as we 
do ours, for he says: 

In true basaltic rocks the microlites belong to the series of labradorite (or 
more basic feldspars) and in true andesitic rocks we have the series of andesine 
(and more acid feldspars). The author cannot admit the existence of oligoclase- 
basalts, labradorite-andesites, etc. . .. . as it would be in contradiction with 
the chemical characteristics of the two families of basic sub-alkaline lavas. 
Considering the brevity of the chapter, the summary is excellent. One 
can only wish that it might have been several times as long. 

Chapter vii is entitled ““The Distribution of Igneous Rocks in Space 
and Time.” The title leads one to expect, though embracing the whole 
world, something similar to that given by Hatch (The Petrology of the 
Igneous Rocks [8th ed.]|, pp. 422-535) for the British Isles alone, namely, 
the igneous activity in each of the geologic periods. Instead of this there 
are only given (16 pp.) brief discussions of “Consanguinity,” “The 
Diagrammatic Representation of Igneous Rock Series,” “Kindreds of 
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Igneous Rocks,”’ ‘““Petrographic Provinces and Periods,” “‘Igneous Action 
and Earth Movements,” and ““Time Sequences in Igneous Rocks.”’ 

Chapter viii treats of the “Origin of Igneous Rocks,” and in twenty- 
three pages are given briefly various modern theories of differentiation. 

Part II, beginning on page 170, is on “The Secondary Rocks.’’ The 
first chapter (10 pp.) discusses ““The Breaking-Down of the Rocks,” 
“Decomposition of Rocks,” “Disintegration of Rocks,” ““Transport,”’ and 
“Deposition.” 

The next chapter, on “The Residual Deposits,’ deals with “Terra 
Rossa,” ‘‘Laterite and Bauxite,” and “Soils.” 

Chapter xi, “Sedimentary Rocks: Mineralogical, Textural, and 
Structural Characters,’ contains sections on “‘Mineral Composition,”’ 
“Grain Size,” ““Heavy Minerals in Sands and Sandstones,” “Shape and 
Rounding of Grains,” “Cohesion,” and “Stratification.”” (On p. 192 is 
the statement, “Grains of the same mass tend to be concentrated to- 
gether.’’ They could hardly be concentrated apart.) 

The chapter on ‘Descriptions of Sedimentary Rocks” is quite short 
(14 pp.), but it is very good and sufficiently detailed. The various sedi- 
mentary rocks are briefly described. The succeeding two chapters deal 
with “Deposits of Chemical Origin” and ‘Deposits of Organic Origin.” 

Che third part of the book (86 pp.) treats of ‘Metamorphic Rocks.”’ 
Che chapter headings are ‘‘Metamorphism,” “Metamorphic Minerals, 
Processes and Structures,” ‘‘Cataclastic Metamorphism and Its Prod- 
ucts,” “Thermal Metamorphism and Its Products,” “-Dynamothermal 
Metamorphism and Its Products,” ‘“‘Plutonic Metamorphism and Its 
Products,” and “Metasomatism and Additive Processes of Meta- 
morphism.” 

This is a very good little book indeed, and it is recommended as a 
text for students, not too advanced. In general, the usage of terms 
and the selection of theories is much more American than the average 
British book. One criticism only: The binding is much too stiff for a good 


working textbook, for it is impossible to lay it down open on the desk. 


Pirsson, Louis V. Rocks and Rock Minerals; 2d. ed., revised by 
ADOLFH Knopr. New York: John Wiley & Sons, 1926. Pp. 
vii+ 426, pls. 36, figs. 74. 
The first edition of this book was published in 1908. In the Preface 
to the new edition, it is stated that the “main changes that have been 
made are in the classification of the igneous rocks, the purpose of these 
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changes being to bring the rock-names employed more in conformity with 
general usage in current geologic literature.’’ One of the principal reasons 
for Pirsson’s original classification was to permit megascopic determina- 
tion. With the changes here given (table, between pp. 204 and 205), the 
classification becomes one for microscopic determination. It is no longer 
“essentially that proposed” by Pirsson and others in 1903, although this 
statement still remains on page 198. It is true that the present classifica- 
tion is better and much more accurate than the old one, but neverthe- 
less it is not megascopic. 

In spite of the greater number of pages (426 as against 414) and a 
different format, there has been no increase in the amount of material. 
Here and there are a few better chosen words, or a sentence is rearranged 
in better form, but in the main, with the exceptions noted below, the 
text is the same. In most cases the changes are a great improvement over 
the somewhat slipshod English of the first edition. It is pleasing to see 
that the misuse of “apt’’ and “‘liable”’ for “‘likely”’ has in most cases been 
corrected, although “‘liable’’ still remains on pages 47, 341, and 375. One 
is “apt” at his trade, perhaps, or “‘liable’’ to a fine, but nothing is “apt”’ 
or “‘liable” to occur. The only place noticed where the changed expression 
is worse than the original is on page 46, where the last sentence ends with 
“take the place of.”’ “Often,” “frequently,” “sometimes,” etc., are still 
used as adverbs of place, but not to use them seems an affectation 
usually, in spite of the Editorial Department of the Geological Survey, 
since these adverbs are similarly used by good writers universally and in 


‘ 


all languages. At the top of page 76, however, in three lines, “‘sometimes”’ 
occurs once and “often’”’ twice, and some variation would seem desirable, 
especially since the statement is made that ‘‘very often also the [crystal] 
faces .... oscillate,’ although, of course, the faces do not oscillate at 
all. In the same paragraph “aggregated together’’ occurs, and again, on 
pages 95 and 181, a curious redundant use of “together” also found in 
Tyrrell’s book, reviewed above. 

In chapter i there are only slight word and phrase changes. In chap- 
ter ii, under ‘““Theories of the Earth’s Interior,’’ Arrhenius’ views have 
been omitted. In chapter vi, the section on laccoliths has been somewhat 
expanded. The statement on page 173 that “if we could mix them [com- 
plementary dike-rocks] in amounts proportional to the bulk of their 
occurrence we should obtain a rock whose chemical composition would be 
that of these larger masses upon which they appear to depend as satellite 
bodies” still remains unchanged. While this may be true fortuitously, it 
certainly is not necessarily so, since these dikes did not differentiate from 
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a magma of the composition of the main body of rock, but separated from 
a magma which is represented by the sum of the dikes and the main body. 

Under “Classification of Igneous Rocks,” the section, ‘“Treatment of 
Porphyrites” (pp. 195-96, old ed.), and the descriptive parts which dealt 
with the original megascopic classification, are omitted. The changes thus 
introduced on pages 199-200 by the new classification are the greatest 
made anywhere in the book. With the change, the statement (p. 204) 
that “in the classification . . . . the color and texture of the rocks play a 
prominent part and mineral composition can be used only in an approxi- 
mate manner” is not nearly so true as it was of the divisions formerly 
made. 

On page 205, in speaking of the C.I.P.W. classification, the wording 
“classification of igneous rocks,’’ which was used in the first edition, is 
retained, but the C.I.P.W. classification is not a classification of rocks. 
This is acknowledged by Washington himself (U.S.G.S., P. P. 99, 1181), 
for he says, “the names of the divisions of the quantitative system are 
not the names of rocks but designate the chemical and standard mineral 
characters that are embraced in the term ‘normative.’ ” In other words, 
it is a classification of magmas. 

In the special part, where the rocks are described, the wording has 
been changed to fit, more or less successfully, the new tabulation sub- 
stituted for the old. The former statements that syenites contain more 
light minerals than dark, and that diorite and gabbro contain more 
dark minerals than light, have been changed so that now both syenite 
and diorite contain more light than dark. This relation between leucocrat- 
ic and melanocratic minerals is a concession to the old classification, and 
is not in conformity with the subdivisions recognized by the new tabula- 
tion. However, the old statement that diorite “consists of feldspar and 
hornblende” has been changed to “‘consist of plagioclase and one or more 
dark minerals.’’ The distinction between gabbro and diorite is “based on 
the relative proportions of ferromagnesian minerals and plagioclase: in 
gabbro the ferromagnesian content predominates, in diorite it is sub- 
ordinate.” This leaves the distinction between “syenite” and “diorite”’ 
based on the kind of feldspar present, which, of course, cannot be deter- 
mined megascopically. 

The reason cited in the new footnote, on page 212, for the cause of 
the crumbling of granite in a fire is probably of much greater importance 
than is the cause originally given in the text. 

Anorthosites have been transferred from the syenites to the gabbros 
(p. 239), where they belong. 
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The statement that ‘‘the dolerites, as already explained in the section 
on classification, etc.,” still remains on page 241, although the paragraph 
to which reference is made has been omitted from page 200. 

On page 250, the heading is now “Diorite Porphyry” instead of 
“Diorite and Dolerite Porphyry,” and the former megascopic distinction 
between these two rocks, based on the kind of mafic mineral present, is 
properly dropped out. 

The paragraph on the “Microscopic Classification of Felsitic Rocks” 
which was on page 250 of the old edition has been omitted. The sentence 
(p. 255, new ed.), ““The general term of felsite porphyry may be contracted 
to leucophyre,” remains unchanged, although, of course, the latter is not 
a contraction of the former. 

Changes in chapters viii and ix, “Sedimentary Rocks,” are few. It 
might have been well had the statement on page 319 that “chalk 
is. ... well known from its use for... . blackboard crayons” been 
changed. It is doubtful whether many Americans have ever seen chalk 
so used. Most crayons in this country are artificial. 

On page 342 a paragraph is added on argillites. Here the term is used 
for “hard, indurated shales that are without fissility or cleavage.” In the 
first edition “‘slate” and “argillite’’ were used as synonyms (p. 369), and 
as a synonym for “clay slate” the name was originally proposed by 
Kirwan. In the same sense (for Thonschiefer) it was used by von Leon- 
hard in 1823, and by Zirkel in 1866 and 1894. Holmes uses it for a rock 
“less clearly laminated than shale.” And so the doctors disagree. Person- 
ally, the reviewer prefers to use it for a group name for all argillaceous 
rocks, therefore including slates, shales, and the less laminated rocks. 

In chapter x, Becke’s term “porphyroblastic” has been added. 

In chapter xi, the definition of “gneiss” (p. 365), in the opinion of the 
reviewer, has not been improved. Originally defined as a “metamorphic 
rock, composed of feldspar, with other minerals,” and “‘of a character- 
istic texture,”’ it is now defined only as a “coarse-grained, roughly foli- 
ated rock’”’; the essential fact that it must contain feldspar is omitted, 
although this mineral is mentioned later in the descriptive portions of the 
book. The old word “gneuss” (“kneiss,” “gneiss’’) was adopted by 
Werner from a term used by the miners of the Erzgebirge for a schistose 
rock found in the neighborhood. The term was applied originally to 
laminated rocks of the composition of granites, but later, when it was 
recognized that other feldspars might occur, these were included, and 
the name came to mean feldspar-rich, quartzose crystalline rocks, usually 
of megascopically visible grain, and with parallel structure. The principal 
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point of separation from “mica-’’ and other schists was just this abun- 
dance of feldspar. In this sense the term has been used for years, and it 
is so found in the texts of von Leonhard (1823), Zirkel (1866 and 1894), 
Rosenbusch (Elemente), etc. The fact that certain gneisslike granites are 
not gneisses, but owe their texture to piezocrystallization, is recognized 


(p. 369) in the new edition of the book under review. The terms “ortho-” 


and “para-gneiss” might well have been defined here. 

In the tables for the determination of rocks, certain changes have 
been made, due to the difference in the definitions of diorite, etc., in the 
two editions, but in general the original plan has been preserved. 

The book fills a definite place in petrographic literature. 








